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ABSTRACT 

Sustainable manufacture of organic solvent nanofiltration membranes 

Gheorghe Falca 

 

Membranes are a robust, reliable and economical technology. However, polymeric 

membranes are manufactured from polymeric and organic solvent sources derived from 

petrochemical sources. The high volatile organic compounds (VOC) emissions of the 

organic solvents and the non-recyclability of the polymers often question the membrane 

manufacture sustainability. 

The main goal of this dissertation is the preparation of polymeric membranes for liquid 

separation through more sustainable processes. We report here the green preparations 

of hollow fibers, thin-film composite and integrally skinned asymmetric membranes. 

An important part of the work is represented by the development of cellulose hollow 

fibers from ionic liquid solutions, avoiding strong alkali or harsh solvents. By tuning the 

manufacturing process, we prove that the membranes can be used for different 

applications such as oil-water separation, protein separation via ion-exchange 

chromatography and solvent purification via organic solvent nanofiltration. The main 

advantages of using cellulose to prepare hollow fiber membranes are the biodegradability 

of the polymer and the intrinsic chemical stability.  

Another significant milestone of this work is replacing volatile solvents such as hexane 

during the thin-film composite membrane manufacture. As green alternative solvents, we 

decided to use naturally extracted oleic acid and decanoic acid. Due to their low costs and 
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volatility, they represent a valid alternative for industrial membrane preparation through 

the interfacial polymerization process. The membranes prepared with this process were 

used for solvent resistant nanofiltration. 

Finally, by using ionic liquids as solvents, we improved the manufacturing sustainability 

polytriazole asymmetric membranes synthesized in the lab. 

  



 
 

 

6 

 

ACKNOWLEDGEMENTS 

 

I would like to express my thankfulness and my gratitude to Professor Suzana Nunes for 

letting me work in many exciting projects, teaching me and guiding me in the winding 

road of the PhD. 

I want to thank my committee members Professor Suzana Nunes, Professor Peying Hong, 

Professor Cristiana Boi and Professor Gyorgy Szekely.  

I also would like to thank the KAUST Core Lab for training me in several instruments and 

being always available for further discussions. 

A big thanks also to my present and former colleagues of the Advanced Membranes and 

Porous Materials Center and Nanostructured Polymeric Membrane Laboratory for being 

supportive and open for collaborations. 

To my mentor and friend Stefan Chisca to be a patient teacher in and out of the lab; for 

all the times we discussed potential and actual projects or simply just hanging out, thanks 

boss. It was truly a great time! 

To my Italian friends who have been able to make me feel at home even though it is 3400 

km away. 

My deep thanks and love to my mom and dad for letting me live this experience and for 

having previously taught me the importance of hard work, dedication and education. 

Finally, a huge thank you to my girlfriend for being so understanding, supporting, loving 

and believing in me unconditionally. 

 



 
 

 

7 

 

TABLE OF CONTENTS 

              Page 
EXAMINATION COMMITTEE PAGE…………………………………………………………..………………….2 
COPYRIGHT PAGE ……………………………………………………………………………………………………….3 
ABSTRACT……………………………………………………………………………………………….………………….4 
ACKNOWLEDGEMENTS……………………………………………………………………………………………….6 
TABLE OF CONTENTS……………………………………………………………………………….………………….7 
LIST OF ABBREVIATIONS……………………………………………………………………………………………11 
LIST OF ILLUSTRATIONS………………………………………………………………………….…………………15 
LIST OF TABLES  ……………………………………………………………………………………..…………………22 
Chapter 1: Introduction  

1.1 Preface ……………………………………………………..…………..……………………………………25 
1.2 Membrane definition and history ……………………………………………………………….25 
1.3 Membrane classification………………..………………………..………………………………….29 
1.3.1 Microfiltration…………..……………………………………………………………………………..32 
1.3.2 Ultrafiltration………….……………………………………………………………………………….32 
1.3.3 Reverse osmosis………….…………………………………………………………………………..33 
1.3.4 Nanofiltration……..……………………………………………………………………………………34 
1.4 From water to organic in membrane separation…………….…………………………….34 
1.5 Membrane transport model.……………………………………………………………………...40 
1.5.1 Solution diffusion model…….…………………………………………………………………...40 
1.5.2 Pore flow model….…………………………………………………………………………………..41 

 1.5.3 Solvent resistant membrane transport…………………………………………………...43 
 1.6 Membrane material………………………………….…………………………………………….….45 
 1.7 Membrane configuration………………………….………………………………………………..51 
 1.8 Membrane fabrication……………………….……………….………………………………………52 

1.9 Sustainability of membrane technology……………………………………………………….58 
1.10 Objective…………………………….………………………..………………….……………………….65 
1.10 References …………………………………………………….…………..…………………………….67 
 
 

Chapter 2: Cellulose hollow fibers for organic resistant nanofiltration 
2.1 Introduction …………………………………………………..………………………………..…………87 
2.2 Experimental …………………………………………………..……………………………..…………..91 
2.2.1 Materials …………………………………………………..………………………………...………….91 
2.2.2 Preparation of cellulose membranes……………..…………………………..…………….91 
2.2.3 Morphological characterization ………………………..……………………..………………94 
2.2.4 Solvent stability evaluation…………..…………………………………………..……………..95 
2.2.5 Dye static adsorption………….……………………………………………………..…………….95 
2.2.6 X-ray diffraction analysis ……………………….…………………………………..……………96 
2.2.7 Performance ……………………….………………………………………………………..………..97 
2.2.8 Dynamic mechanical analysis………………………………………………………..………..98 



 
 

 

8 

 

2.2.9 Zeta potential ……………………….………………………………………………………………..98 
2.3 Results and discussion ………………………………………………….……………………………99 
2.3.1 Flat sheet membranes ……………………………………………………..……..………………99 
2.3.1.1 Crystallinity …………………………………………..………………….………..…………..…100 
2.3.1.2 Organic solvent resistance ………………………………………..…………..………..…101 
2.3.1.3 Dyes adsorption ……………………………………………………………………..………….102 
2.3.2 Hollow fiber membranes ………………………………………………….…………………..106 
2.3.2.1 Morphology…………………………………………………………………………………………106 
2.3.2.2 Performance ………………………………………………………………………………………108 
2.3.2.3 Mechanical properties…………………………………………………………………………117 
2.4 Conclusions …………………………..………………………………………………………………….118 
2.5 Reference……….………………………………………………………………………………………..120 

. 
Chapter 3: Oil-water separation using membranes manufactured from cellulose/ionic 
liquids solutions 

3.1 Introduction ……………………………………………………………………………………………132 
3.2 Materials and methods …………………………………………………………………………..140 
3.2.1 Materials ……………………………………………………………………………………………..140 
3.2.2 Flat-sheet cellulose membrane preparation…………………………….……………141 
3.2.3 Hollow fiber membrane preparation………….…………………………………………141 
3.2.4 Characterization of the hollow fibers………………….…………………………………142 
3.2.5 Preparation of oil in water emulsion…………….……………………………………….143 
3.2.6 Characterization of flat sheet cellulose membranes for oil-water 
separation……………………………………………………………………………………………………...143 
3.2.7 Fouling during oil-water filtration………………………………………………………….144 
3.2.8 Turbidity……………….……………………………………………………………………………….145 
3.2.9 Oil in water analysis………………….……………………………………………………………145 
3.2.10 Streaming potential………………….………………………………………..…..……………146 
3.3 Results and discussion……………….……………………………………..……….….………….147 
3.3.1 Membrane formation………………….……………………………………………….………..147 
3.3.2 Oil-water emulsion properties…………………….………………………………….………148 
3.3.3 Charge effect on the cellulose membrane performance…….…………….…….150 
3.3.4 Fouling…………….……………………………………………………………………………….…….155 
3.3.5 Cellulose hollow fibers membranes…….………………………………….………….…..157 
3.4 Conclusions………..……………………………………………………………………………………..159 
3.5 References……………..…………………………………………………………………………………160 
 

 
Chapter 4: Highly adsorbing functionalized ultrafiltration cellulose hollow fibers for ion 
exchange chromatography 

4.1 Introduction ……………………………………………..………………………………………………170 
4.2 Characterization ……………………………………………………..…..…………………………..173 
4.2.1 Materials and methods ……………………………………………………..………………….173 
4.2.2 Dope solution viscosity measurement………………………..………………………….174 



 
 

 

9 

 

4.2.3 Flat sheet membrane casting………………………………………….…………………….175 
4.2.4 Hollow fiber spinning ……………………………………………….…………………………..175 
4.2.5 Hollow fiber functionalization ……………………………………….……………………..176 
4.2.6 Cryo-scanning electron microscopy (cryo-SEM)……………………………….…….176 
4.2.7 Flat sheet and hollow fibers performances……….…………………………………..177 
4.2.8 Adsorption and desorption tests………………………..………………………………….179 
4.2.9 Sorption efficiency test ………………………………………………………………………….179 
4.2.10 Ternary phase diagram, ……………………………………………………………………….180 
4.2.11 Membrane morphological and chemical characterization……..…………….181 
4.3 Results and discussion …………………………..…………………………………………………182 
4.3.1 Cellulose hollow fiber preparation and optimization………………………………182 
4.3.2 Cellulose hollow fiber post-modification for ion-exchange appliaction…..188 
4.3.3 Lysozyme adsorption/desorption capacity……………………..………………………192 
4.4 Conclusions ………………………………..…………………………………………………………….197 
4.5 Reference …………………………………..…………………………………………………………….198 

 
Chapter 5: Green synthesis of thin-film composite membranes for organic solvent 
nanofiltration 

5.1 Introduction ……………………………………….……………………………………………………207 
5.2 Materials and methods ………………………………………….………………………………..210 
5.2.1 Materials ………………………………………….…………………………………………………..210 
5.2.2 Membrane fabrication…………………………….…………………………………………….211 
5.2.3 Characterization ………………………………………………..………………………………….212 
5.2.4 Membrane performance ………………………………………………….…………………..212 
5.3 Results and discussion……………………………………..……………………………………….214 
5.4 Conclusions ……………………………………………………..……………………………………….224 
5.5 References ……………………………………………………..………………………………………..224 
 

Chapter 6: Naturally extracted hydrophobic solvents and self-assembly in interfacial 
polymerization 

6.1 Introduction ………………………………………………….…………………………………………231 
6.2 Experimental section ………………………………………………….……………………………234 
6.2.1 Materials ……………………………………………….……………………………………………..234 
6.2.2 Thins-film composite (TFC) membrane fabrication……………………….……….234 
6.2.3 Chemical and hydrophilicity characterization…….………………………………….235 
6.2.4 Morphological characterization ……………………………….…………………………..236 
6.2.5 Membrane performance ……………………………….……………………………………..236 
6.3 Results and discussion………………………..…………………………………………………….238 
6.4 Conclusions ………………………………………..…………………………………………………….254 
6.5 References ……………………………………….………………………………………………………254 

 
Chapter 7: Organic solvent and thermal resistant polytriazole membranes with 
enhanced mechanical properties cast from solutions in non-toxic solvents 

7.1 Introduction ……………………………….……………………………………………………………264 



 
 

 

10 

 

7.2 Experimental ………………………………………….…..……………………………………………267 
7.2.1Materials…………………………………………………………………………………………………267 
7.2.2 Membrane preparation and crosslinking …………………………….…………………268 
7.2.3 Characterization …………………………..………………………………………………………..270 
7.2.3.1 Chemical analysis…………………………………………………………………………………270 
7.2.3.2 Morphological analysis……………..………………………….………………….……….…271 
7.2.3.3 Thermal analysis………………………………………………………………………………….272 
7.2.3.4 Thermo-mechanical analysis………………………………………………………………..272 
7.2.3.5 Membrane performances.…………………………………………………………………..274 
7.3 Results and discussion …………………..…………………………………………………………276 
7.3.1 Membrane morphology…..…………………………………………………………………….265 
7.3.2 Membrane performances at high temperature….………………………………….279 
7.3.3 Creep-recovery measurements……..……………………………………………………….289 
7.3.4 Dynamic mechanical measurements………….………………………………………….294 
7.4 Conclusions………………………….…………………………………………………………………..301 
7.5 References …………………………………………….………………………………………………..302 

 
 

Chapter 8: Conclusions 
8.1 General conclusions …………………………………………..…………………………………….310 
8.2 Major findings ………………………………………………..………………………………………..310 
8.3 Recommendation for future work ………………………………..…….……………………313 
8.4 List of publications ………………………….……………………………………………………….315 
 

APPENDICES …………………………………………………………………………………………..................317 
Appendix 2 ……………………………………….. 317 
Appendix 3 ……………………………………….. 320 
Appendix 4 ……………………………………….. 335 
Appendix 5 ……………………………………….. 338 
Appendix 6 ……………………………………….. 346 
Appendix 7 ……………………………………….. 350 

  



 
 

 

11 

 

LIST OF ABBREVIATIONS 

API  Active pharmaceutical ingredients 
BBR  Brilliant Blue R  
BDG  1,4-butanediol diglycidyl ether 
BSA  Bovine albumin 
CA  Cellulose acetate 
CI  Crystallinity index 
CN  Cellulose nitrite 
CP MAS Cross-polarization magic-angle spinning 
CR  Congo Red 
CTAB  Hexadecyltrimethylammonium bromide 
DEA  Di-ethyl adipate 
DES  Deep eutectic solvents 
DMA  Dynamic mechanical analyzer 
DMAc  Dimethylacetamide 
DMF  N,N-dimethylformamide 
[DMIM][DMP] 1,3-dimethylimidazolium dimethyl phosphate 
DMSO  Dimethyl sulfoxide 
ED  Electrodialysis 
EIPS  Evaporation induced phase separation 
[EMIM][Ac] 1-Ethyl-3-methylimidazolium acetate 
[EMIM][Cl] 1-Ethyl-3-methylimidazolium chloride 
[EMIM] [DEP] 1-Ethyl-3-methylimidazolium diethyl phosphate 
FTIR  Fourier Transform Infrared 
GPC  Gel permeation chromatography 
HETCOR Heteronuclear correlation 
H  Hexane 
HCl  Hydrochloric acid 
IgG  Gamma globulin 
IL  Ionic liquids 
IP  Interfacial polymerization 
MF  Microfiltration 
MPD  m-phenylenediamine 
MWCO  Molecular weight cut-off 
NIPS  Non-solvent induced phase separation 
NF  Nanofiltration 
NG  Nucleation and growth 
NMP  N-methyl-2-pyrrolidone 
OA  Oleic acid 
OSN  Organic solvent nanofiltration 
P  Permeance 
PA  Polyamides 



 
 

 

12 

 

PAN  Polyacrylonitrile 
PANi  Polyaniline 
PBI  Polybenzimidazole 
PBS  Poly(butylene succinate) 
PE  Polyethylene 
PEEK  Polyether ether ketone 
PEG  Poly(ethylene glycol) 
PEGDE  Poly(ethylene glycol) diglycidyl ether 
PEO  Poly(ethylene oxide) 
PEI  Polyetherimide 
PHAs  Polyhydroxyalkanoates 
PI  Phase inversion 
PLA  Poly(lactic acid) 
PS  Polystyrene 
PS-b-PV4P Polystyrene-b-poly(4-vinylpyridine) 
PSf  Polysulfone 
PTA  Polytriazole 
PV  Pervaporation 
R  Rejection 
RF  Ramped radio frequency 
RG  Reactive Green 
RO  Reverse osmosis 
S  Safranin O 
scCO2  Supercritical carbon dioxide 
SD  Spinodal decomposition 
SEM  Scanning electron microscopy 
SRNF  Solvent resistant nanofiltration 
SS-NMR Magnetic resonance 
TEM  Transmission electron microscopy 
TFC  Thin film composite 
TGA  Thermogravimetric analyses 
THF  Tetrahydrofuran 
TIPS  Thermal induced phase separation 
TMC  Trimesoyl chloride 
TMS  Tetramethylsilane 
TPPM  Two-pulse phase-modulated 
Tris  Trisma base 
Tween 80 Polysorbate 80 
UF  Ultrafiltration 
UHV  Ultra-high vacuum 
VIPS  Vapor induced phase separation 
VOCs  Volatile organic compounds 
XPS  X-ray photoelectron spectroscopy 
1,4-BS  1,4-butane sultone 



 
 

 

13 

 

LIST OF ILLUSTRATIONS 
 

Figure 1.1 Commercial development of the various membrane processes...................... 29 

Figure 1.2 Pressure driven membranes classification according to their pore size......... 31 

Figure 1.3 Chemical and pressure potentials across the membrane in case of (a) solution 

diffusion and (b) pore flow transport models................................................................... 43 

Figure 1.4 Structure of polymers for solvent resistant applications………….................... 48 

Figure 1.5 Schematic representation of the hollow fiber spinning process…………........... 54 

Figure 1.6 Schematic representation of the NIPS method via ternary diagram………….... 56 

Figure 1.7 Hierarchical strategy to develop greener membranes……………………………….... 63 

Figure 2.1 (a) XRD analysis of native cellulose powder and membranes cast from solutions 

in [EMIM][Ac], [EMIM][DEP] and [DMIM][DMP]; (b) Photographs of the corresponding 

cellulose casting solutions……………………………………………………………………….................... 101 

Figure 2.2 Organic solvent resistance of membranes prepared from solutions in 

[DMIM][DMP], [EMIM][DEP] and [EMIM][Ac], respectively…………………………………....... 102 

Figure 2.3 Static adsorption of dyes on cellulose membranes in (a) water and (b) in 

ethanol.......................................................................................................................... 104 

Figure 2.4. Cross-section SEM images (room temperature) of hollow fibers prepared from 

cellulose solutions in (a) [EMIM][Ac], (b) [EMIM][DEP] and (c) [DMIM][DMP] with low 

(top) and high (bottom) magnifications………………………………………………….................... 107 

Figure 2.5. Cross-section cryo-SEM images of hollow fibers prepared from cellulose 

solutions in (a) [EMIM][Ac], (b) [EMIM][DEP] and (c) [DMIM][DMP] with low (top) and 

high (bottom) magnifications……………………………………………………………...……………........ 107 



 
 

 

14 

 

Figure 2.6. Rejection performance of cellulose hollow fibers: (a) rejection of PEG with 

different molecular weights (0.4, 1.5, 10, and 35 kg/mol) in water for fibers prepared from 

different ILs; (b) rejection of PS with different molecular weights (2, 10 and 30 kg/mol) in 

DMF for fibers prepared from solutions in [EMIM][DEP]………………………………………...... 109 

Figure 2.7 Dyes rejection of hollow fiber membranes, prepared from cellulose solutions 

in (a) [EMIM][Ac], (b) [EMIM][DEP], and (c) [DMIM][DMP]. Rejection measured after 24 h 

filtration with dyes dissolved in water…………................................................................. 113 

Figure 2.8 Dyes rejection of hollow fiber membranes, prepared from cellulose solutions 

in (a) [EMIM][Ac], (b) [EMIM][DEP], and (c) [DMIM][DMP]. Rejection measured after 24 h 

filtration with dyes dissolved in ethanol…………………….................................................114 

Figure 2.9 Hydrogen bond between cellulose and ethanol and exposure to Safranin O..117 

Figure 2.10 Stress-strain mechanical analysis of the hollow fibers spun from solutions in 

different ionic liquids……………………………………….……………………………………………………..118 

Figure 3.1 (a) ζ potential of a membrane prepared by casting a 2 wt % cellulose solution 

in [EMIM]OAc on a porous PSU support, as a function of pH. (b) ζ potential of oil droplets 

in an oil (200 ppm) in water emulsion containing 20 ppm of surfactants (SDBS, CTAB or 

Tween). Schemes illustrating the ζ potential of the (c) membrane and (d) oil droplets in 

the oil in water emulsion containing CTAB at pH <8……………………………………………..........151 

Figure 3.2 Permeance through membranes prepared with 5 wt % cellulose solution, as a 

function of time, using as feed oil in water emulsions with 200, 500, and 1000 ppm of oil 

and 20–100 ppm (ratio 1:10 surfactant to oil) of different surfactants: (a) SDBS, (b) CT AB, 



 
 

 

15 

 

and (c) Tween at pH 8. (d) Photograph of the 1000 ppm feed and corresponding retentate 

and permeate…………………………….………………………………………………………………………………153 

Figure 3.3 Permeance through membranes prepared with 5 wt % cellulose solution, as a 

function of time, using as feed oil in water emulsions with 200, 500, and 1000 ppm of oil 

and 20–100 ppm (1:10 surfactant to oil) of different surfactants: (a) SDBS, (b) CTAB, and 

(c) Tween at pH 4.............................................................................................................154 

Figure 3.4 (a) Pure water permeance, permeance using the oil in water emulsion (200 

ppm of oil and 20 ppm of SDBS) as simulated produced water, and recovered water 

permeance, after the membrane was cleaned only by washing with water, for flat-sheet 

(a) PSU and membranes prepared from (b) 5 wt % and (c) 2 wt % cellulose solutions and 

for (d) the hollow fiber membrane. Experiments were performed at pH 8......................156 

Figure 3.5 (a) Scheme of a hollow fiber lab-scale spinning system and (b) scanning electron 

microscopy image of the fiber cross section with different magnifications, as well as of 

the inner and outer surfaces…......................................................................................159 

Figure 4.1 Cellulose/[EMIM][DEP]/water ternary phase diagram ……….…….................182 

Figure 4.2 (a) Water permeance and (b) PEG rejection of cellulose hollow fibers prepared 

from dope solutions with 10 and 12 wt% polymer in [EMIM][DEP], coagulated at 25 and 

70 °C ..............................................................................................................................185 

Figure 4.3 Cross-sectional cryo-SEM images of hollow fibers prepared using (a) 10 wt% 

and (b) 12 wt% cellulose dope solution in [EMIM][DEP], coagulated at 70°C ..................187 

Figure 4.4 FTIR spectra of pristine and post-functionalized hollow fibers prepared using 

10 wt% cellulose dope solution; functionalization in 1.5 wt % (reaction time of 3h) and 3 



 
 

 

16 

 

wt% (reaction time 6h) NaOH (Table 3)……….………………………………………....................190 

Figure 4.5. (a) Langmuir isotherms and (b) sorption efficiency of hollow fibers prepared 

from 10 and 12 wt% cellulose dope solutions and chemically modified under conditions 

specified in Table 5.3………………………………………………………..…..………..............................194 

Figure 5.1 Interfacial polymerization of TMC and PEI in decanoic acid (around 10% in 

coconut oil) for the polyamide membrane formation …………….………………………….……….211 

Figure 5.2 Surface (top) and cross-sectional (bottom) SEM images of (a, e) PAN support 

and polyamide-PAN membranes prepared with TMC concentrations of (b, f) 0.05%, (c, g) 

0.1%, and (d, h) 0.15%, respectively…..…………………...............................................214 

Figure 5.3 (a) FTIR spectra and (b) XPS survey of (i) PAN and polyamide-PAN prepared with 

(ii) 0.05%, (iii) 0.1%, and (iv) 0.15% TMC, respectively ...................................... 215 

Figure 5.4 Deconvolution of the C1s, N1s and O1s narrow photoelectron spectra of (a, c, 

e) PAN support and (b, d, f) polyamide-PAN (0.15% TMC), respectively………............... 216 

Figure 5.5 Nanofiltration performance. (a) Rejection of various dyes dissolved in methanol 

by the polyamide-PAN membranes prepared with different concentrations of TMC; (b) 

Methanol permeance through polyamide-PAN membranes, prepared with different 

concentrations of TMC, using as feed different dye solutions; (c) Permeance of various 

solvents through a polyamide-PAN membrane prepared with 0.1% TMC; (d) UV 

absorption spectra of the mixed dyes (methylene blue, congo red) solutions in methanol 

before (red) and after (blue) permeation through a polyamide-PAN membrane prepared 

with 0.1% TMC………………......................................................………………….…………………..218 

Figure 6.1 Thin-film composite membrane formation using oleic acid as the organic phase 



 
 

 

17 

 

...................................................................................................................................... 238 

Figure 6.2 (a) FTIR spectra of the TMC monomer, with oleic acid as organic phase; (b) FTIR 

spectra of freestanding polyamide layers prepared by interfacial polymerization using OA 

(red spectra) and hexane (gray spectra), with 2 wt % MPD and 0.8 wt % TMC and 3 h 

reaction time (the blue marks in a and b highlight the OA peaks); (c–f) XPS C1s and N 1s 

spectra of the freestanding polyamide layer obtained using 2 w % MPD/0.2 wt % TMC 

with (c and e) 1 and 10 (d and f) minutes of reaction time 

………………………………………………………………………………………….…………………………….…………239 

Figure 6.3 SEM images of membrane surfaces: (a) pristine PAN and (b, c) coated with a 

polyamide selective layer, prepared by the interfacial polymerization of 0.2 wt% MPD in 

water and 0.02 wt% TMC in oleic acid at 25oC reacted, during 1 (b) and 10 (c) 

minutes…........................................................................................................................ 243 

Figure 6.4 (a) SEM images of the surface of thin-film composite membranes, prepared by 

interfacial polymerization using OA as the organic phase with different MPD and TMC 

concentrations and reaction times, conducted at room temperature. (b) Scheme of the 

potential organization of OA molecules and monomers to form the observed morphology 

in initial stages (left) and as the reaction time proceeds, particularly with high monomer 

concentrations 

(right)……………………………............................................................................................... 244 

Figure 6.5 TEM images of membrane cross-sections stained with RuO4. Polyamide 

selective layers prepared with 0.2 (top) and 2 wt% (bottom) MPD aqueous solutions and 



 
 

 

18 

 

different concentrations of TMC in hexane (H) or oleic acid (OA), reacting at 1 or 10 

minutes, at 25 or 60oC.…................................................................................................ 246 

Figure 6.6 Nanofiltration performances of TFC membranes prepared under different 

conditions: (a-d) rejection of different dyes in aqueous solutions and water permeance 

using 1 minute reaction time (a and b) and 10 minutes reaction time (c and d); (e) rejection 

of dyes in methanol; (f) UV-Vis spectra for feed, permeate and retentate to estimate the 

Direct Red 80 rejection in methanol after permeating for 48h………………................... 250 

Figure 7.1 Schematic illustration for the preparation of crosslinked polytriazole 

membranes: (a)the casting process, (b) the crosslinking reaction was taking place in an 

aqueous solution containing 10% of crosslinker............................................................. 269 

Figure 7.2 Maxwell and Kevin-Voigt model................................................................. 274 

Figure 7.3 13C CP MAS 2D 1H13C HECTOR NMR: PTA-IL and (b)PRA-IL-BDG................... 278 

Figure 7.4 XPS spectra for a) C 1s of PTA-IL; b) C 1s of PTA-IL-BDG; c) N 1s of PTA-IL-

BDG.................................................................................................................................279 

Figure 7.5 Surface and cross-section SEM images of the membranes cast from solution in 

[EMIM][DEP] (first row) and NMP (second row) ………………………………………….......... 282 

Figure 7.6 Surface and cross-section SEM of crosslinked membranes........................... 283 

Figure 7.7 Pure DMF permeance at different temperatures (25 C-105 °C) for PTA-IL-BDG 

and PTA-IL-PEGDE membranes....................................................................................... 285 

Figure 7.8 Membrane characterization before and after filtration: (a) FTIR spectra for the 

PTA-IL-BDG; (b) TGA curves for PTA-IL-PEGDE; Cross-section SEM images for (c) PTA-IL-

BDG and (d) PTA-IL-PEGDE membranes.......................................................................... 287 



 
 

 

19 

 

Figure 7.9 Rejection of different molecular weights of PEG during the filtration in DMF:(a) 

PTA-IL-BDG and (b) PTA-IL-PEGDE................................................................................. 289 

Figure 7.10 Creep recovery curves for membranes at (a) 25°C and (b) 100°C; c) 

experimental and fitted curve using the Maxwell and Kevin-Voigt model exemplified for 

a PTA-IL-PEGDE membrane at 100°C……………………………………...................................... 290 

Figure 7.11 DMF permeance for 22h through a PTA-IL-PEGDE membrane at 105 C..... 293 

Figure 7.12 DMA characterization of the membranes: (a) Storage modulus (E') for the 

pristine and crosslinked membranes at 1 Hz; Loss modulus (E") at different frequencies 

for (b) PTA-IL, (c) PTA-IL-BDG and (d) PTA-IL-PEGDE membranes…………….................... 296 

Figure A2.1 DMF permeance measured up to 24 h for hollow fibers prepared from dopes 

with [EMIM][DEP]………………….……………..………………………………………………..................... 317 

Figure A2.2. Cellulose/[EMIM][Ac] membrane permeation of dyes solutions (a) in water, 

and (b) in ethanol ……………………………………………………………………………...…..………......... 318 

Figure A2.3. Cellulose/[EMIM][DEP] membrane permeation of dyes solutions (a) in water, 

and (b) in ethanol ………………………………….…………………………………………………………………..318 

Figure A2.4 Cellulose/[DMIM][DMP] membrane permeation of dyes solutions (a) in 

water, and (b) in ethanol …..…………................................................................................ 319 

Figure A3.1 Most commonly used combinations of cations and anions in ionic liquids.. 324 

Figure A4.1 Water permeance of cellulose flat-sheet membranes prepared from casting 

solutions with different polymer weight fractions in [EMIM][DEP] and coagulated at 25 

and 70 °C …………………………..…………………………………………………………………………............. 336 



 
 

 

20 

 

Figure A4.2 Cross-sectional cryo-SEM images of cellulose hollow fibers prepared from 12 

wt% polymer solutions in [EMIM][DEP], coagulated in water at (a) 25 and (b) 70°C . …..336 

Figure A4.3 1/Ce Vs 1/Qe for the different chemically modified cellulose hollow 

fibers………………………………………………………………………………………………………………………… 337 

Figure A5.1 Contact angle measurement of (i) PAN porous support and (ii, iii, iv) 

polyamide-PAN membranes prepared with 0.05%, 0.1% and 0.15% TMC in decanoic acid 

as organic phase …........................................................................................................…339 

Figure A5.2 UV spectra of dye solutions in methanol, before and after filtration using a 

polyamide-PAN membrane (0.05% TMC): (a) methyl orange, (b) orange G, (c) congo red, 

and (d) rose bengal....................................................................................................... 340 

Figure A5.3 UV spectra of dye solutions in methanol, before and after filtration, using a 

polyamide-PAN membrane (0.1% TMC): (a) methyl orange, (b) orange G, (c) congo red, 

and (d) rose bengal ……………..………………..................................................................... 341 

Figure A5.4 UV spectra of dye solutions in methanol, before and after filtration, using a 

polyamide-PAN membrane (0.15% TMC): (a) methyl orange, (b) orange G, (c) congo red, 

and (d) rose bengal ………….…………….............................................................................. 342 

Figure A5.5 Zeta potential of (a) methyl orange (b) orange G (c) congo red (d) rose bengal 

measured in solution in methanol …………………..……………………….…………..................... 343 

Figure A5.6 Long term filtration tests: (a) methanol permeance and congo red rejection; 

(b) water permeance, using a polyamide-PAN membrane (0.15% TMC) ………….......... 344 

Figure A6.1 (a) FTIR spectra of the PAN support and thin-film composite membranes (on 

PAN support) prepared with 2 wt% MPD and 0.2 wt% TMC at 60oC during 1 and 10 min as 



 
 

 

21 

 

reaction times; (b) XPS survey spectra of free-standing TFC membrane obtained using 2 

wt% MPD/ 0.2 wt% TMC, and 1 minute reaction time; (c, d) XPS O1s spectra for the free-

standing polyamide layer obtained using 1 (c) and 10 minutes (d) reaction time and 2 wt% 

MPD/ 0.2 wt% TMC.........................................................................................................346 

Figure A6.2 TEM cross-sectional image of ultrathin polyamide layer obtained with 

conditions reported in Table 1………………………………………………………………………..……….... 347 

Figure A6.3 Morphology comparison, 180 minutes reaction time........................... 348 

Figure A6.4 SEM top surface of polyamide layer obtained with MPD 0.2 wt%, TMC 

0.02%wt 1 min reaction time in hexane ……………......................................................... 348 

Figure A6.5 (a) UV measurement when filtrating bromothymol blue in methanol and (b) 

long term permeance with direct red 80 in methanol.................................................... 349 

Figure A7.1 FTIR spectra of PTA-IL, PTA-IL-BDG and PTA-IL-PEGDE membranes........... 350 

Figure A7.2 TGA curves for the crosslinked polytriazole membranes............................ 350 

  



 
 

 

22 

 

LIST OF TABLES 

 

Table 1.1 Polymeric materials are used for industrial membrane preparation. ..............  45 

Table 1.2 12 Principles of Green Chemistry.....................................................................  60 

Table 2.1 Casting and spinning conditions for cellulose flat-sheet membranes and hollow 

fiber preparation.............................................................................................................  92 

Table 2.2 Zeta potential values of the membranes measured in aqueous solutions at pH 

7……………………………….....................................................................................................103 

Table 2.3 Permeation of hollow fiber membranes prepared from cellulose in different 

ionic liquids as solvents.................................................................................................  109 

Table 2.4  Dyes properties.............................................................................................  112 

Table 2.5 Mechanical properties of cellulose membranes prepared from solutions in 

different ionic liquids.....................................................................................................  118 

Table 3.1 Solvent selection guide a.................................................................................  134 

Table 3.2 Summary of Polymer Dissolution in Ionic Liquids and Membrane 

Performance……………....................................................................................................  138 

Table 3.3 Hollow fibers spinning conditions..................................................................  141 

Table 3.4 Size and ζ Potential of 200 ppm Oil in Water Emulsion Droplets, Stabilized with 

Different Surfactants.....................................................................................................  149 

Table 3.5 Filtration Experiments Using Emulsions with Different Oil Contents. a...........  155 

Table 4.1 Spinning conditions for cellulose hollow fiber preparation...........................  175 



 
 

 

23 

 

Table 4.2 Porosity of hollow fibers prepared from 10 and 12 wt% dope solutions in 

[EMIM][DEP] coagulated in water at 70 and 25C..........................................................  188 

Table 4.3 Conditions for post-functionalization and incorporation of sulfonic groups...  189 

Table 4.4 Elemental analysis for C, H, N and S determination......................................  191 

Table 4.5 Static binding capacity of unmodified hollow fibers prepared from 10 and 12 

wt% cellulose dope solutions in [EMIM][DEP], coagulated in water at 70oC..................  193 

Table 4.6 Dissociation constant of functionalized cellulose hollow fibers.....................  195 

Table 4.7 Adsorption/desorption capacity of different cellulose hollow fibers using a 

starting solution of 0.5g lysozyme /L..............................................................................  197 

Table 5.1 The atomic composition (%) obtained from the XPS spectra of the polyamide 

membranes prepared with different TMC concentrations............................................  216 

Table 5.2 Performance comparison of polyamide-PAN membranes with commercial 

ones..............................................................................................................................  220 

Table 6.1 The contact angle of thin films made with different conditions......................  242 

Table 6.2 Performances of OA system compared to previous reports a.........................  252 

Table 7.1 Creep parameters calculated with the four-elements model and the permanent 

strain ε∞ after strain recovery. .....................................................................................  290 

Table 7.2 Permeances of crosslinked membranes calculated according to equation (6).300 

Table A3.1 Acute toxicity of common organic solvents..................................................  321 

Table A3.2 Advantages and disadvantages of alternative solvents................................  322 

Table A3.3 Physical properties of selected ionic liquids.................................................. 325 



 
 

 

24 

 

Table A3.4 Summary of methods used for recovery and recycling of ionic liquids (ILs).  326 

Table A4.1 Flat sheet membranes prepared at different coagulation temperature.......  335 

Table A4.2 Hansen solubility parameters of cellulose, [EMIM][DEP], and water...........  335 

Table A5.1 Types of dyes used and their properties......................................................  338 

Table A5.2 Types of solvents used and their properties*................................................ 338 

Table A5.3 Mean pore diameter of the polyamide-PAN membranes with different TMC 

concentrations...............................................................................................................  344 

Table A5.4 Effect of TMC concentrations to the membrane zeta potential...................  344 

Table A5.5 Solvent stability test for a polyamide-PAN membrane (0.1% TMC) in various 

solvents for 7 days.........................................................................................................  345 

Table A6.1 Dyes structure and net total charge.............................................................  349 

  



 
 

 

25 

 

Chapter 1: Introduction 

 

1.1 Preface 

This introduction begins with an overview of membranes history and definition, followed 

by typical membrane materials, manufacturing processes, configurations, membrane 

classification and geometry. The last part considers aspects of sustainability in the 

membrane manufacture.  

1.2 Membrane definition and history 

In a general interpretation, a membrane is a barrier between two phases which can 

selectively govern the exchange of matter, information and energy between two phases. 

Here, the term selectivity is characteristic of the physical membrane or the process it is 

applied in [1] [2] [3].  

Nowadays, chemical, pharmaceutical, and food industries are facing significant problems 

with the purification, concentration, and separation of complex mixtures. Most of them 

are carried out by classical methods such as distillation, adsorption stripping, 

precipitation, and extraction. However, these methods are energy expensive and related 

to the high production of CO2, which is becoming a problem in many countries due to new 

regulations and restrictions for emissions. 

In recent times, the above-mentioned classical methods are being complemented by 

selective membranes as separation barriers. 
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Technological development has facilitated membranes advancement and transition 

towards industrial utilization. Additionally, the energy cost was highly convenient, and 

this strongly favored processes such as distillation. 

Before diving deeper into the different types of membranes available, and why nowadays 

this technology is widely used worldwide, it is important to consider the historical 

development and how the distinct formation mechanisms were discovered along with 

fundamental scientific milestones. 

The first studies in the field of membrane science belong to the French Abeé Nollet, who 

discovered around the 1750s the water transport phenomena. Nollet placed alcohol spirit 

in a vessel, which was closed with a natural semipermeable membrane such as pig’s 

bladder, and then he immersed it in pure water. During his studies, he noticed the 

selective transport of water, and he demonstrated semi-permeability for the first time. 

Due to water permeability, the bladder swelled, sometimes causing even a bursting [4]. 

During the 1820s, Du Trochet introduced the term osmosis for the first time [5] while 

conducting his studies regarding the spontaneous migration of a liquid through a 

semipermeable barrier. Around the same time, Mitchel studied gas permeation by using 

natural rubbers. A few years later, the German scientist Schobein synthesized the first 

semisynthetic cellulose nitrate. With this same material in 1855, Fick manufactured the 

first artificial membrane and carried his studies “Ueber Diffusion”, publishing the 

diffusion law [6], which is still in use nowadays. 
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 On the other hand, Graham, in 1861, was the first scientist to carry out experiments on 

dialysis. He also demonstrated that by using different rubbers as a selective barrier, 

distinct gas permeabilities are obtained.  

It was only in 1877 when Van’t Hoff gave the first thermodynamic explanation on osmotic 

pressure in dilute solution. Up to this moment, the research was more focused on the 

fundamental understanding of the phenomena deriving from the application of a dense 

film, since there was no procedure for membranes fabrication. It was only in 1908 when 

Bechold coined the term ultrafiltration for the first time, and he developed a new method 

to manufacture cellulose nitrate cellulose membrane with accuracy and reproducibility 

[7]. He noticed that by varying the ratio among glacial acetic acid and polymer, it was 

possible to change the membrane permeability. The first commercial membranes were 

produced by Sartorius-Werke Aktiengellschaft in 1927, and it was made from cellophane 

or cellulose for ultrafiltration application. Around the same time, Manegold discovered 

reverse osmosis (RO). When applying pressure to a solution of salts across a membrane, 

the permeate resulted in a lower concentration compared to the feed solution. However, 

reverse osmosis remained unnoticed until the first breakthrough came in 1959 when 

Breton and Reid rediscovered it with a cellulose acetate membrane, which under mild 

conditions produced moderate permeance and salts rejection. A few years later, 

Sourirajan and Loeb obtained improved results when they used reverse osmosis 

anisotropic membranes for desalination of seawater. They understood that to obtain a 

higher throughput of the membranes, they needed to have a lower hydrodynamic 

resistance. These results were achieved by producing an asymmetric membrane with a 
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top skinned dense film supported by porous support. The novel procedure used for the 

manufacture was the non-solvent induced phase separation (NIPS), which consists of the 

dissolution of the polymer into a compatible solvent followed by precipitation in water 

which allows the pore formation [8, 9]. NIPS method was a breakthrough for pressure-

driven processes for water purification, and it is the most widely used technique for the 

preparation of asymmetric membranes nowadays. This remarkable achievement pushed 

the development of spiral wound modules and cylindrical geometrical configurations 

today known as hollow fibers. 

Another crucial improvement for membrane science, more specifically for reverse 

osmosis, came with the introduction of the thin film composite (TFC) membranes done 

by Cadotte [10]. These membranes are fabricated by dissolving trimesoyl chloride in an 

organic apolar phase and m-phenylenediamine in an aqueous solution. When the two 

immiscible phases are in contact with each other, an aromatic polyamide network forms 

in the order of nanometers. This allows to control the thickness of the selective layer, and 

therefore the resistance opposed by the membrane during the filtration process. Thin-

film composite membranes are still the most extensively used and best-performing 

membranes for reverse osmosis in seawater desalination. 

With technological and knowledge advancement, more applications for membrane 

utilization were found. For instance, by the end of the 1980s, a new terminology to 

describe a different type of membrane application was created, loose reverse osmosis or 

nanofiltration. As the name may suggest, these membranes are not as selective as the 
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ones used for RO purposes, and at the same time, they have tighter porosity than the 

ultrafiltration membranes.  

At the same time, companies such as DuPont, Toray and Monsanto focused on the 

development of new polymers such as polyacrylonitrile (PAN), polyamides (PA) and 

polysulfone (PSf) to achieve better mechanical, thermal and chemical resistance 

compared with cellulose acetate [3, 11]. 

Figure 1.1 reports the milestones regarding the commercial advancement of membrane 

processes.  

 

 
Figure 1.1. Commercial development of the various membrane processes [12]. 

 

1.3. Membrane classification 

 

As mentioned in the previous section, a membrane is a semipermeable barrier between 

two phases, which can reject specific components present in a solution [13]. The extent 

https://www.elsevier.com/books/membrane-technology-and-engineering-for-water-purification/singh/978-0-444-63362-0
https://www.elsevier.com/books/membrane-technology-and-engineering-for-water-purification/singh/978-0-444-63362-0
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of rejection of the components depends on the membrane classification. Membranes 

may be identified depending on a wide range of criteria. It is possible to classify 

membranes depending on different criteria like pore size, geometry, driving force, 

physical state, nature and materials. 

The driving force is the gradient of a defined potential. The potential in membrane-based 

processes can be of different types, such as chemical, electrical, thermal and pressure. 

The most known and common membranes use pressure as a driving force; therefore, they 

are identified as pressure-driven and do not involve any phase change. Their selectivity is 

based on size exclusion. It is easy to understand that smaller pores guarantee the 

rejection of smaller probe molecules. Moreover, smaller and tighter pores require higher 

pressure to have significant flux across the membranes. These membranes operate with 

a wide pressure range from 0.2 to 60 bar, depending on their pore size.  

Size exclusion, pressure-driven membranes can be divided into four main categories 

according to the size of the retained components, as well as the membrane pore size as 

reported in Figure 1.2. 
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Figure 1.2. Pressure driven membranes classification according to their pore size [14]. 

. 
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1.3.1. Microfiltration  

 

Microfiltration (MF) membranes have a characteristic pore size ranging from 0.1 to 10 µm 

[15]. The rather big particle size they aim to separate allows the membrane to have a 

symmetric open pore structure, which results in the highest permeance among all the 

other pressure driven filtrations. 

Microfiltration processes are generally used to remove bacteria present in water before 

the RO step in the water desalination or the pharmaceutical sector. MF membranes are 

also widely used in the food industries to remove yeasts in beer and wine production [11, 

16]. 

The mass transport that better fits the microfiltration is the so-called “pore flow model.” 

 

1.3.2 Ultrafiltration 

 

Ultrafiltration (UF) membranes have a distinctive asymmetric structure with pore sizes 

ranging from 1 to 100 nm. The mass transport, also, in this case, is well described by the 

convective flow through the membrane pores.  

Due to the low hydrodynamic resistance opposed by the ultrafiltration membranes, the 

pressure gradient typically applied does not exceed 5 bar. Therefore, high permeances 

and high separation efficiency can be obtained. 

Ultrafiltration is generally involved in virus removal or protein concentration in the 

pharmaceutical sector [17].  
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1.3.3. Reverse osmosis 

 

The process of reverse osmosis (RO) is used for desalination to produce pure water from 

a seawater feed. The RO membrane allows the high selective passage of water and 

inhibits the salt ions permeation with a rejection above 99%. Membranes involved in RO 

processes are mostly thin-film composite membranes, consisting of a porous support and 

a dense thin film. The dense film is the dominant resistance of the composite membrane; 

therefore, it controls the selectivity of the membrane as well as the type of transport of 

the overall process.  

In this case, the free volume of the thin film is in the same range of thermal motion of the 

polymeric network itself; this volume is so small that the transport mechanism is better 

described with the solution diffusion mechanism [16]. 

During the RO process, the pressure gradient should be greater than the osmotic 

pressure, which is the pressure formed by the difference in salinity between the seawater 

and the produced pure water. Generally, such processes require around 60 bar [2]. 
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1.3.4. Nanofiltration 

 

Nanofiltration (NF) membranes have a characteristic molecule rejection range from 200 

to 1000 g/mol, corresponding to pore sizes in the order of 1 nm [21]. The sieved solutes 

are commonly multivalent ions and small organic molecules. In this case, the applied 

pressure for nanofiltration processes is a maximum of 20 bar. 

Nanofiltration membranes can be either in the form of asymmetric with a dense skin top 

layer or thin-film composite, as long as the rejection requirements are maintained. 

An interesting characteristic of the nanofiltration membranes is connected to their 

separation principle. Here, not only the pore size and solute dimension play a 

fundamental role in the molecular exclusion and rejection. Other factors such as 

hydrophobicity, hydrophilicity membrane, and solute charge should be taken into 

account. Therefore, the nanofiltration separation is the result of a consolidation of 

distinct physicochemical properties between the solute and membrane. 

 

1.4. From water to organic separation in membrane separation 

 

NF membranes first found application in water-based separations. Aqueous NF is 

historically developed, and it is widely involved in water treatments, water softening, 

removal of heavy metals and oil separation [22]. 

More recently, the application of NF membranes has been extended to separations in a 

wide selection of organic solvents. 
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The industrial interest is for instance in solvent purification, solvent exchange and solute 

concentration [14]. 

A detailed explanation of the process principle and advances in the field have been 

reported by Vankelecom et al. [21], Marchetti et al. [14, 23], Szekely et al.[24] and Galizia 

et al.[25].  

Nanofiltration in organic solvent medium is referred as „organic solvent nanofiltration 

“(OSN) [14] or „solvent resistant nanofiltration “(SRNF) [21]. 

Nanofiltration membrane modules can potentially substitute thermally driven processes 

in the chemical industries. The main interest behind replacing conventional separation 

units is strictly related to the costs (operational and capital) they are connected to. When 

a phase change is involved, condensation and vaporization heats must be provided to 

perform the separation. For instance, distillation accounts for 80% of the energy used 

during separation [26]. 

Generally, separation processes in chemical and pharmaceutical industries are used to 

recover active pharmaceutical ingredients (API) from the organic solvents account for 40-

70% of the final cost [14]. 

Another point that is worth stressing before proceeding is that organic solvents highly 

need to be recovered from the production line to avoid any direct disposal that may cause 

contamination of various nature. 

Industrial-scale application of organophilic nanofiltration was implemented by 

ExxonMobil’s refinery in Beaumont in 1998, named Max-Dewax. As the name suggests, 

the membrane unit separates solvent from lubricant oil and solvent mixtures. The 
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advantage of the Max-Dewax process is closely related to the reduction of energy-

intensive steps such as cooling and refrigeration associated with solvent purification.  

The implementation of a membrane system can lead to a reduction of 20% energy and a 

reduction of 125 tons of volatile organic compounds and about 15 million liters of water 

consumed on a daily basis [27]. 

Additionally, other industries are considering the implementation of nanofiltration 

membranes able to withstand organic solvents. One of these is undoubtedly represented 

by biodiesel production, which needs to separate bioethanol from glycerol, triglyceride, 

unreacted monomers, as well as recover the homogeneous catalyst. In this case, 

processes such as distillation are not applicable due to the similar boiling points of the 

molecules involved. Additionally, water usage would create a small amount of soap that 

needs to be discharged appropriately, causing additional costs [28-30]. 

Nanofiltration units can separate the molecules, as mentioned earlier, only on the basis 

of their molecular weight, with no need for phase change. Therefore, bioethanol at the 

azeotropic concentration (96.5 wt %) can be directly obtained. 

Other large-scale OSN plants have been installed for different applications. Vito, a 

research organization, based in Belgium, for instance has installed large pilot plants 

equipped with either polymeric or ceramic membrane modules. Additionally, similar 

systems have been implemented in cGMP processes for pharmaceutical separation at 

Jonson & Jonson and GSK [31], as well as for the retention of homogeneous catalysts at 

Evonik [14]. Large plants for petrochemical application are in operation installed by GMT-

Borsig. Lastly, enantiomer separation of chiral compounds was achieved by the EIC-OSN 
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in the NJ refinery [32]. These successful industrial applications are the confirmation of the 

intrinsic potentials of such technology. 

In parallel, many research groups are investigating various applications for OSN 

membranes. A catalytic reaction where organic catalyst, enzyme and soluble catalyst are 

present is one of the research areas, which would benefit the use of solvent stable 

membrane as reported by Livingston [39], Drioli [33], Vankelecom [34] and Vogt [35] 

groups. Chemical and pharmaceutical industries extensively use organometallic catalysts, 

and their recovery is fundamental given their elevated costs. Therefore, by the 

implementation of a continuous membrane system, capital and operative costs would be 

reduced, while reaction rate and product purity would be increased. Moreover, this 

would open the door for the use of homogeneous catalysis and eliminate the mass 

transfer limitation connected to the heterogeneous catalysts [36]. 

Previous studies have reported the successful recovery of organometallic catalysts such 

as gold [37], palladium [38-40] and cobalt [41, 42]. Moreover, besides the recovery of 

catalyst above 99%, the catalyst deactivation was prevented by separation ruthenium 

[43]. 

The food industry is undoubtedly another potential sector of application, where the 

production of vegetable oil involves the use of large quantities of organic solvents in a 

multistep process. The oil is mainly extracted by n-hexane. So far, solvent recovery has 

been performed by evaporation, which not only requires an abundant amount of energy 

but is also correlated with the potential explosion hazard due to the presence of 
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flammable vapors [44]. Therefore, a membrane system results advantageous both from 

an economic point of view and for safety and health reasons. 

OSN system in the food industry can be applied in the degumming step, where the 

phospholipids are removed [45, 46], then undergo a deacidification step, where fatty 

acids are separated [47]. Finally, n-hexane is recovered [48]. In the last step, rejection of 

90% of n-hexane was achieved when crosslinked PDMS membranes were used [48], 

whereas 96% when zeolites on PVDF support were used [49]. 

Another industry that might benefit from solvent-resistant membranes is the biorefinery, 

where the lignocellulosic feedstock is transformed into basic monomers for further 

utilizations. Separation of 99.8% of methanol and glycerides from methyl esters was 

performed with commercial OSN membranes [30]. Additionally, successful separation of 

monomeric lignin from the polymeric product was carried out with PuraMem S380 [50]. 

The fine chemical and pharmaceutical industry can potentially use solvent-resistant 

membranes for the purification of APIs and other final products. Szekely et al. [51] 

previously studied the performances of recrystallization, chromatography and 

nanofiltration membranes in API degenotoxification. This membrane system resulted in 

the one in which the valuable product loss was the lowest. Rundquist investigated the 

recovery of isopropyl acetate. He found that by using OSN membranes, 25% less energy 

is needed compared to distillation [52]. Solute fractionation was instead validated with 

membrane cascade by Siew et al. [53].  

PBI membrane combined with an adsorption unit were combined, increasing from 58% 

to 95% of API purification [22].  
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Moreover, solvent exchange in such an industry can be problematic when the solution 

forms an azeotrope, and the separation by distillation is thermodynamically limited. 

Membrane systems are compatible with room temperature separation. Livingston’s 

group [54] demonstrated the separation of methanol/toluene with STARMEM 122. 

Many researches have been focusing on the development of superior performing 

materials.  

Recently, Lively and Sholl [26, 55] have published their opinion on the topic, focusing on 

how the research should align with the need of the industries. They mention that to have 

a truly game changer for nanofiltration membranes-based systems, the research should 

no longer focus on increasing the permeances since [56] pressure drops as well 

polarization concentration might limit the overall process [23]. The sieving abilities of the 

membranes should be instead improved towards 100 g/mol. One particular class of 

materials have been described by Koros et al. [57, 58] as having “entropic” selectivity, 

term used to describe the loss of conformational degrees of freedom of specific molecules 

in the activated state.  

Therefore, to boost the OSN development for industrial applications, demanding 

separation challenges are needed. Three different separation classes can deeply benefit 

from this technological advancement, which are linear/branched hydrocarbon, 

isobutane/isooctane and finally, sulfuric acid/butane alkylation waste [26]. 
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1.5. Membrane transport models 

 

As briefly mentioned in the membrane classification section, liquid transport through the 

membrane can be expressed by theoretical and semi-empirical models, depending on the 

type of target separation and membrane type. 

Historically, two different transport mechanisms are used, named solution-diffusion and 

pore-pore flow. 

 

1.5.1. Solution diffusion model 

 

Transport across a non-porous, dense film membrane is well represented by this model 

[59, 60]. 

As the name suggests, it refers to a diffusion phenomenon, and it is well represented by 

Fick’s law [11, 14, 25, 61] reported in Equation 1.1: 

 

𝐽𝑖 = −𝐷𝑖  
𝑑𝐶𝑖

𝑑𝑥
      (1.1) 

 

In which J is the flux, D is the diffusion coefficient, dc/dx is the concentration gradient 

across the membrane, and i indicates the chemical species.  

In this type of transport, the molecule passage is dictated by the chemical potential; thus, 

the driving force is the concentration of the chemical species involved in the separation. 
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Therefore, the concentration gradient is expected to occur along the membrane cross-

section. 

In a polymeric membrane, four steps may be used to schematically represent the 

solution-diffusion transport: (1) the molecular diffusion in the boundary layer on the feed 

side, (2) adsorption/solubility in the polymeric matrix, (3) diffusion through the dense 

film, and (4) membrane desorption on the permeate side.  

Moreover, the rate at which the molecules can pass through the membrane depends on 

the free volume and the degree of mobility of the polymeric chains that constitute the 

film.  

Distinct rates are expected from different polymeric systems, although they can still be 

described by the same model. Rubbery and glassy polymers are an example of different 

polymeric systems. The latter is characterized by low chain mobility that also ensures the 

low free volume; thus, a lower diffusion rate is expected. Whereas, in the case of rubbery 

polymers, higher free volume as well as greater chain flexibility and mobility of the matrix 

provide higher diffusion rates. 

 

1.5.2. Pore flow model 

 

In porous membranes, the solute transport is no longer described by diffusion, but it is 

governed by convection, and the model that best represents it is the pore flow model. 

Here, the pressure is the main driving force of the system.  
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Convective transport is well represented by Darcy’s law, which is reported in Equation 1.2 

[14, 16, 21, 61]. 

 

𝐽𝑖 = 𝐾′𝑐𝑖  
𝑑𝑝

𝑑𝑥
      (1.2) 

 

Where dp/dx represents the pressure gradient across the porous matrix, ci is the 

concentration of a specific solute I, and K’ is known as permeability, an intrinsic property 

of the membrane containing information such as pore size and tortuosity [21].  

This model is based on the strong hypothesis that the molecular solute diameters are 

smaller compared to the pore size; therefore, the solute and the solvent concentrations 

along the pores are uniform [14]. 

Solution diffusion and pore flow model are an accurate representation of the permeance 

of an aqueous medium through a dense and porous nanofiltration membrane, 

respectively. A schematic representation of the two models is reported in Figure 1.3, 

where the behaviour of pressure and concentration is reported in function of the 

membrane thickness. 
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Figure 1.3. Chemical potential and pressure differences across the membrane in case of 

(a) solution diffusion and (b) pore flow transport models. 

 

1.5.3. Solvent resistant membrane transport 

 

In the case of organic solvents, the models used to describe the transport need to take 

into consideration not only the diffusion rate of a chemical species or the membrane 

tortuosity but also other factors such as solvent viscosity and solvent-polymer 

interactions [62-64]. The expansion from aqueous solution to organic solvents is not 

straightforward. Therefore, due to the vast variety of organic solvents and polymers 

commercially present, there is no universal model able to describe the solute and solvent 

passage in an OSN membrane. 

Some of the relevant solvent transfer models are here reported. 

Machado et al. [65], in early 2000, introduced a series resistance model taking into 

consideration the diffusion and viscous mechanisms based on the Hagen-Poiselle 
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equation, and it is reported in Equation 1.3. The total resistance is composed of the active 

skin or dense layer, ultrafiltration support and a non-woven base.  

 

𝐽 = ∆𝑃 𝑅𝑆
0 𝑅𝜇

1 𝑅𝑤
2      (1.3) 

 

Where Rs
0, Rµ

1 and Rw
2 represent the resistance at the pore entrance, the resistance due 

to the viscosity in the skin layer, and in the ultrafiltration support, respectively.  

This model has well predicted the flow of paraffin, water and acetone on a silicone-based 

membrane. 

In 2001 Banushali et al. [36] proposed an alternative transport, in which the effect of the 

organic solvent, such as viscosity and swelling, were considered. The model is expressed 

in Equation 1.4: 

 

𝐽 ∝  
𝑉𝑚

𝜇
 

1

𝜑𝑛𝛾𝑚
      (1.4) 

 

Here J represents the flux, 𝜇 and 𝑉𝑚 are the organic solvent viscosity and volume, while 

𝜑𝑛 and 𝛾𝑚 are the membrane surface tension and degree of swelling, respectively [66]. 

A few years later, Geens et al. [67] developed a semi-empirical modified version of 

Banushali’s model for polar solvents using hydrophobic membranes. Moreover, he 

discussed the importance of including parameters such as solvent-membrane interaction, 

size effect at the molecular level and finally a transport momentum. Geens transport 

model is shown in Equation 1.5. 
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𝐽 ∝  
𝑉𝑚

𝜇 ∆𝛾
      (1.5) 

 

1.6. Membrane materials 

 

Nowadays, several types of membranes are available, and they are designed for specific 

separation needs. As previously mentioned, the most common separation processess 

using membranes are microfiltration, ultrafiltration, nanofiltration and reverse osmosis.   

Materials used for membrane manufacture are polymers, ceramics, oxides and metals, 

and the combination of both (polymeric and ceramic) referred as mixed matrix materials 

[38, 68-73]. 

Due to their easy processability and scalability, and low cost of production, polymers are 

the class that is most used for membrane preparation at the commercial level. 

 

Table 1.1. Selected polymeric materials for industrial membrane preparation. 

Polymer Morphology Application 

Polyetherimide (PEI) [74] Mesoporous Ultrafiltration 

Cellulose acetate (CA) [75] Mesoporous 

Non-porous 

Ultrafiltration 

Reverse osmosis 

Polyacrylonitrile (PAN) [76] Mesoporous Ultrafiltration 

Polyethylene (PE) Macroporous Microfiltration 
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Aliphatic Polyamide (PA) 

Aromatic Polyamide (PA) 

Macroporous 

Mesoporous/Non-porous 

Microfiltration 

Ultrafiltration/Nanofiltration 

Polysulfone (PSf) [77] Mesoporous 

Non-porous 

Ultrafiltration 

Reverse osmosis 

Cellulose nitrite (CN) Macroporous Microfiltration 

 

The materials presented in Table 1.1 have a degradation temperature ranging from 100 

to 500 °C, which makes them an optimal choice for separation that takes place at ambient 

temperature.  

Another parameter that needs to be taken into account is the chemical resistance of these 

polymers, i.e. their ability to resist adsorption and swelling in the presence of organic 

solvents or when they are exposed to a wide range of pH [78]. The above-listed materials 

are easy to process due to their high solubility, but they have a reduced chemical 

resistance towards organic solvents. In the case of cellulose acetate also low pH values 

are responsible for polymeric instability due to hydrolysis. 

For the development of separation processes in the presence of organic solvents, 

different strategies have been proposed to maintain the membrane stability in various 

solvents. The chemical stability is achieved through polymeric insolubility and crosslinking 

strategies. Although both methods guarantee the chemical insolubility of the polymeric 

chains, they are not applicable in the same manner. Polymeric insolubility is an intrinsic 

property and makes the processability difficult, especially in a solution-based membrane 

preparation. Thus, it is not the preferred method for membranes production. Crosslinking 
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strategies consist in an additional step during the membrane manufacture and is also 

responsible for improving the sieving ability of the membrane [79-82]. Chemical and 

physical crosslinking methods can be applied [61]. After this step, the polymeric network 

forming the membrane cannot be reprocessed. Most of the commercially available 

polymers benefit from the crosslinking method for the production of solvent-resistant 

membranes, and they are listed in Figure 1.4.  

Chemical crosslinking is by far the more used technique. It consists of a reaction of the 

polymeric network with a compatible reagent named crosslinker in a heterogeneous 

reaction. Here the crosslinker reacts with specific functional groups from the polymer, 

making them unapproachable to the organic solvent. This action also reduces membrane 

swelling by blocking the polymeric chain mobility. 

Different strategies can be applied during the chemical crosslinking; however, it is 

possible to generalize them by functional groups. The most common functional groups 

are amino, epoxy, halogenide and aldehyde. 
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Figure 1.4. Structure of polymers for solvent resistant applications. 

 

Both polyimides (PI) and polyetherimides (PEI) can be similarly crosslinked. The chemical 

route involves the reaction between the polymeric backbone and the amine monomers, 

such as ethylenediamine, hexamethylenediamine and diethylenediamine [83-85].  

Physical methods involve the use of UV-light and thermal annealing [86, 87]. 

Polybenzimidazole (PBI) has intrinsically high chemical and thermal stability due to its 

ability to form hydrogen bonding and 𝜋- 𝜋 staking [88, 89]. PBI is able to crosslink with 
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glutaraldehyde via Mannich reaction, epoxy, alkyl halide, acid doping and trimesoyl 

chloride (TMC) [90-94].  

By reaction of PBI backbone with different monomers via different functional groups, 

various results in terms of chemical resistance and rejection are obtained.  

Polyacrylonitrile (PAN) has good chemical stability, as well as chlorine resistance due to 

its hydrophilic nature, and it also has anti-fouling properties. It is, however, not stable in 

aprotic solvents such as THF, NMP and DMF. Its good chemical stability makes it difficult 

to find a good crosslinker able to react with it. There are two main different strategies. 

The first one involves the use of hydrazine, while the second one tannic acid [79, 95, 96].  

Polyaniline (PANi) is characterized by a chemical structure with 𝜋- 𝜋 staking from benzene 

groups, while the single bounded amino group can be used for crosslinking reactions. 

Suitable crosslinkers for PANi based polymers are aldehyde and halogens, such as 

glutaraldehyde and dichloro-p-xylene. After the crosslinking reaction, the rejection was 

taken down to 300 g/mol in the presence of DMF [97, 98]. 

Polytriazole (PTA) has a thermal resistance up to 450°C due to the backbone stability, 

which makes it interesting for solvent filtration at high temperatures. However, a 

crosslinking step is needed as the polymer results soluble in DMSO, NMP and DMF. 

Excellent crosslinkers are epoxy groups, which are able to react with the hydroxyl pendant 

group of the PTA via condensation reaction [99, 100]. 

The above-mentioned reactions are all great strategies to confer chemical stability to the 

membranes. However, they are connected to an additional step needed during the 
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manufacture, which is a drawback for industrial production because it is related to longer 

preparation time, chemical and discharge costs. 

In Figure 1.4, cellulose is also listed; it is a polymer that is not soluble in pure common 

organic solvents and can be easily processed via ionic liquid dissolution. 

Cellulose is the most abundant biopolymer produced, and it may also be ecofriendly 

disposed of via enzymatic saccharification [101, 102]. The cellulose building block or 

subunit is D-glucose, which is able to form hydrogen bonds at inter and intramolecular 

levels due to its several free hydroxyl groups. The specific way the hydrogen bonds are 

forming gives a different hierarchical structure to the polymer, also called polymorphism. 

The chemical stability of cellulose is also a direct consequence of the many hydrogen 

bonds present in the structure. This effect is strengthened by the combination of 

hydrophilic and hydrophobic character of the polymer, which reduces the solvent 

selection [103, 104]. In order to successfully dissolve cellulose, several attempts were 

carried out with time. The most common attempt requires the addition of LiCl at high 

concentration with organic solvents and the use of acid and a strong base. However, the 

use of lithium chloride is connected to chemical corrosion, which is disadvantageous in 

industrial applications [105-107]. 

Recently, ionic liquids have been proposed for cellulose dissolution; more information on 

these specific solvents are given in the sustainability section. By processing the 

biopolymer with ionic liquids, nanofiltration membranes were obtained without the need 

for further crosslinking, which makes this polymer appealing also for industrial 

applications [78, 108]. 
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1.7. Membrane configuration 

 

Regardless of the fact that membranes are manufactured at laboratory scale or industrial 

commercial level, they have a specific geometrical configuration as either flat-sheet or 

hollow fiber. The specific configuration will determine the final module geometry. 

Flat-sheet membranes are generally cast on non-woven supports for mechanical stability. 

Hollow fibers are self-standing. They have a typical diameter around 0.5 mm. Membranes 

with diameters larger than 10 mm are referred as tubular. 

When choosing the membrane geometry, several factors need to be considered, such as 

maintenance and module cleaning, overall energy consumption, packing density, total 

available volume, operative pressure and fouling control.  

The most common ways for assembling flat-sheet membranes are plate and frame or 

similar, and spiral-wound. In the first, the membranes are connected to each other in a 

sandwich-like fashion.   

The spiral wound is ordinarily used in RO and NF applications due to the high-pressure 

resistance. Here the packing density reaches up to 1000 m2/m3. When using this module, 

maintenance might result in more time-consuming compared to the plate and frame. 

In the case of cylindrical shape configuration, fibers are organized in a bundle and inserted 

into a tubular module, in which the extremities are glued with epoxy resin. Due to the 

compact geometry, the packing density for hollow fibers can reach up to 10000 m2/m3; 

however, the module cleaning results are more complicated than in the case of flat-

sheets. 
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1.8. Membrane fabrication 

 

Based on the target application, the membrane is designed with specific material, pore 

size, thickness and structure. As reported in the materials section, the membrane can be 

made from metal, ceramic and polymers. Hereafter, only polymeric membranes will be 

considered for the investigation of membrane manufacture. 

The most typical techniques for polymer-based membranes preparation consist of phase 

inversion (non-solvent induced phase separation, NIPS), which can be followed by 

coating.  For that dip-coating and interfacial polymerization (IP) are the applied methods. 

Much less used are electrospinning, and film stretching. Most methods take advantage of 

the solubility principle, in which polymer/monomers are dissolved into a suitable solvent, 

generally organic, followed by precipitation and film formation. The solubility of polymers 

into organic solvents enhances the workability and the possibility of scaling up polymeric 

membranes. 

The membrane manufacture is limited by the solvent selection. Solubility, volatility and 

toxicity are important. Most of the commercially available polymers are preferentially 

soluble in protic organic solvents [109]. 

The solvent selection can be first theoretically proposed. Although there are much more 

exact thermodynamic models, the use of Hansen solubility parameters is relatively simple 

and therefore frequently used [110]. The model prediction is based on the three 

contributions: polar, hydrogen bonding and dispersive. Similarity between the values for 
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solvent and polymer predict a good interaction and potential solubility [110]. When cast 

and immersed in water, the thermodynamically stable one-phase polymeric solution is 

brought to a condition of thermodynamic instability and a separation in polymer-poor 

and polymer-rich phases. The polymer-poor phase gives rise to the pores. 

There are mainly four types of phase inversion techniques developed during the years 

such as: 

1) Non-solvent induced phase separation (NIPS) 

2) Evaporation induced phase separation (EIPS) 

3) Thermal induced phase separation (TIPS) 

4) Vapor induced phase separation (VIPS) 

Among the processes mentioned above, NIPS is the most widely adopted for porous 

membrane manufacture. In the case of flat sheet preparation, a solution with 8 to 30 wt% 

polymer is cast with a constant speed on a glass or non-woven support at fixed thickness 

with a casting knife. The as-cast solution is successively immersed into a non-solvent bath 

(generally water). During this step, the solvent-polymer demixing takes place due to 

solvent/non-solvent exchange, followed by gelation and solidification [1, 2, 111-113]. 

For the hollow fiber fabrication, or spinning, the polymeric (or dope) solution is extruded 

through a spinneret, which is responsible for the cylindrical shape of the membrane. The 

spinneret has two concentric apertures; the inner one is only accessible for the internal 

coagulant. The outer, which is ring-shaped, is for the dope solution.  

The extruded fiber goes into the coagulation bath, where the phase separation takes 

place. Thus, during hollow fibers preparation, two different coagulations simultaneously 



 
 

 

54 

 

occur due to the internal and external coagulant, respectively. At this point, the phase 

separation is initiated. However, the membrane might still contains a large amount of 

solvent trapped into the pores, requiring an additional washing step. The fiber is then 

collected in rotational drums with controlled longitudinal stress. Finally, the hollow fibers 

are collected in the third and final bath thanks to a rotational drum. 

The process is schematically shown in Figure 1.5. 

 

 

Figure 1.5. Schematic representation of the hollow fiber spinning process. 

 

The fundamental parameters during the production of the fibers are: 

1) Air gap represents the distance between the spinneret and the external coagulant 

surface. Larger air gap means more extended exposure to the environment, and 
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based on the humidity level, it might induce a partial phase separation before 

reaching the external coagulant. It is generally applied to obtain an outer thin skin 

layer. Additionally, the bigger the air gap, the greater is the gravitational effect on 

the fiber, which reduces the fiber diameter [114]. 

2) Take-up speed is responsible for reducing membrane thickness and macrovoids, 

as this forces the remaining solvent out of fiber. Significant take-up speed might 

also induce plastic deformation [115-117]. 

3) Internal coagulant types impede the hollow fiber collapsing. When only water is 

used, very fast coagulation occurs with the formation of a skin layer, while when 

also an organic solvent is added, a more porous structure is obtained [118]. 

4) Inner coagulant flow rate is also responsible for the inner surface morphology 

[119]. 

5) Dope solution flow rate determines the final hollow fiber thickness [120, 121]. 

6) Dope solution viscosity directly influences the coagulation as well as fiber 

diameter [122, 123]. 

7) External coagulant temperature affects the membrane porosity, as it changes the 

solvent exchange during phase separation [124, 125] 

All parameters mentioned above are relevant for the hollow fiber morphology and final 

properties.  

Regardless of the membrane geometry, the polymer phase separation and coagulation 

can be expressed with thermodynamic parameters. The thermodynamic conditions and 

phase separation characteristic of the NIPS method may be represented by the ternary 
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diagram depicted in Figure 1.6, which takes into account the concentration of solvent, 

polymer and non-solvent. The diagram has three different sections: the one-phase 

thermodynamically stable region, the metastable region, and the thermodynamically 

unstable two-phase region. 

 

 

Figure 1.6. Schematic representation of the NIPS method via ternary diagram [126]. 

 

Generally, the starting solution is visually localized in the line connecting solvent and 

polymer ( 0 wt% non-solvent) [82, 127, 128]. From here, during the immersion in water, 

a solvent-non-solvent exchange is initiated, the system crosses the binodal and spinodal 

boundaries until the unstable region is reached. This process may take up to 50 seconds 

or more depending on the medium viscosity. The polymeric concentration, temperature 

and solvent-coagulant affinity govern the speed of exchange. Depending on how fast the 
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exchange takes place and on the path in the phase diagram, the phase separation 

mechanisms may occur by spinodal decomposition or nucleation and growth.  
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1.9. Sustainability of membrane technology 

 

As previously mentioned, membranes are a valid alternative to traditional energy-

intensive separation unitary operations. Membrane-based processes are typically one-

phase operation process, and show high selectivity towards the target product. 

As they are not involved in any phase change during the separation, they are connected 

to less energy consumption as well as less CO2 released in the environment compared to 

the classical thermal unitary operation.  

Marchetti et al. calculated the amount of energy needed to purify 1 m3of methanol 

solution using classical distillation or membrane filtration system. In the first case due to 

latent heat of vaporization and condensation required for the phase change and the 

energy needed for heating the solution to vaporization temperature, a total 1750 MJ is 

needed for the overall operation. On the other side, for a membrane system is only 

needed the energy required to pressurize the solution before the membrane unit, which 

equals to 3 MJ [14].  

Currently, large amount of VOC is produced in the chemical industrial sector [129]. These 

volatile compounds negatively impact the environment by taking part in the greenhouse 

and ozone effect as well as air pollution. Among the chemicals responsible for the VOC 

emission, there are also several organic solvents used in the membrane preparation. 

Therefore, it is safe to say that membrane processes are a green alternative; however, 

membrane manufacture has still to improve towards more sustainable options.  
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Based on the United Nations definition, sustainable is the process that satisfies the needs 

of the current generations and does not compromise the needs of future generations 

[130, 131]. To facilitate fulfillment of such definition, Anastas et al. created a guideline for 

the implementation of more environmentally friendly processes. This guideline is divided 

in twelve points according to the green chemistry [132]. 

The twelve principles of green chemistry are listed in Table 1.2 and they represent a 

framework for the design of sustainable process aimed to reduce the chemical waste. 

They are of a wide application for different sciences and industries as they cover from the 

waste prevention (point 1) up to the health and safety (point 12). These 12 points of the 

green chemistry should be considered also for a more environmentally friendly process 

of membrane manufacture.  
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Table 1.2. 12 Principles of Green Chemistry [132]. 

# Principle 

1 Prevention waste: It is preferrable to prevent waste production than to treat or 

clean up waste after it has been created.  

2 Atom economy: Synthetic methods should be designed to maximize the 

incorporation of all materials used in the process into the final product.  

3 Less hazardousl syntheses: Wherever practicable, synthetic methods should be 

designed to use and generate substances that possess little or no toxicity to human 

health and the environment.  

4 Design of safer chemicals: Chemical products should be designed to fulfil their 

desired function while minimizing their toxicity.  

5 Safer solvents and auxiliaries: The use of auxiliary substances (e.g., solvents, 

separation agents, etc.) should be made unnecessary wherever possible and 

innocuous when used.  

6 Design for energy efficiency: The energy requirements of chemical processes 

should be recognized for their environmental and economic impacts and should be 

minimized. If possible, synthetic methods should be conducted at ambient 

temperature and pressure.  

7 Use of renewable feedstocks: A raw material or feedstock should be renewable 

rather than depleting whenever technically and economically practicable.  
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8 Reduction of derivatives: Unnecessary derivatization (use of blocking groups, 

protection/deprotection, temporary modification of physical/chemical processes) 

should be minimized or avoided if possible because such steps require additional 

reagents and can generate waste.  

9 Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiometric 

reagents.  

10 Design for degradation: Chemical products should be designed so that at the end 

of their function, they break down into innocuous degradation products and do not 

persist in the environment.  

11 Real-time analysis for pollution prevention: Analytical methodologies need to be 

further developed to allow for real-time, in-process monitoring and control prior 

to the formation of hazardous substances.  

12 Inherently safer chemistry for accident prevention: Substances and the form of a 

substance used in a chemical process should be chosen to minimize the potential 

for chemical accidents, including releases, explosions, and fires.  

 

Both solvent and polymer are relevant for the sustainability of the membrane 

preparation. Most commercial membranes are currently manufactured using petroleum-

based materials. These polymers are not only closely connected to high CO2 emission for 

their synthesis and monomer production. Additionally, they are also challenging to 

degrade and dispose as no route for the depolymerization has been found yet. PVDF, PSf, 

PET and PES are some of the polymers derived from oil.  
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In opposite to them, bio-produced, biodegradable polymers, and recycled materials as 

part of the circular economy cycle [133] could be better for the environment and still 

suitable for membrane manufacture. 

The best polymer choice is represented by polymers that are bio-produced and 

biodegradable such as: 

- Poly(lactic acid) (PLA) 

- Poly(butylene succinate) (PBS) 

- Polyhydroxyalkanoates (PHAs) 

- Cellulose 

- Lignin 

- Alginate 

- Starch 

Furthermore, greener solvents should be implemented in the fabrication process. 

Although they mix with water in the phase separation step, they are rarely correctly 

discharged. The water polluted with organic solvents generally accounts for about 95% of 

the net waste. Moreover, 69% of the manufacturing companies do not treaten the 

wastewater prior to drain-disposal [134]. 

At the industrial scale, the change from classic organic solvent to alternative recyclable 

ones requires a new process design. However, it should also be seen as an opportunity to 

improve the membrane morphologies [135]. 

The possible solvents to replace classical DMF, NMP, and hexane are [24, 136]: 

- Methyl lactate 
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- Ethyl lactate 

- Triethyl phosphate 

- DMSO 

- Ionic liquids  

- Supercritical CO2 

- Deep eutectic solvents (DES) 

By changing classical polymer and solvent with a greener alternative, an overall 

improvement will occur with benefits on the wastewater treatments, CO2 and VOC 

emissions. 

In addition, Szekely et al. reported a hierarchical guideline for the OSN membrane 

manufacture based on the twelve principles of green chemistry. It considers all the steps 

classically involved in the membrane production line. 

 

 

Figure 1.7. Hierarchical strategy to develop greener membranes. 
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As reported in Figure 1.7, the most importance is given to the solvent selection as they 

account for chemicals used in larger amount during the process and are generally toxic or 

environmentally dangerous. Good candidates to replace the classical organic solvents for 

the polymer dissolution are listed above. Ionic liquids stand out for their solvation power 

towards commercial and bioderived polymers. 

Another possibility to increase the membrane production sustainability, is to reduce the 

chemical waste and minimize the total number of steps during the preparation. Here, an 

additional step in the production line represents an increased consumption of chemicals 

and solvents. These solvents are destinated become liquid waste which will need to be 

further treated. In the best-case scenario, they will become CO2 through combustion 

process increasing the emission in the atmosphere. Oppositely, they could also be 

discharged directly in the environment and increasing the pollution level [134].  

The step which has been identified to be easier to eliminate is the one corresponding to 

the crosslinking reaction of the membrane. In fact, it could be directly incorporated 

together with phase inversion or even better carried out in the dry state by using UV light 

or thermal treatment. 

The use of renewable and raw material is ranked right in the middle of the hierarchical 

guideline. Here is important to point out that a raw material has less intrinsic waste and 

energy connected to its production. For example, is preferrable to use pristine cellulose 

rather than its chemical derivatives for the membrane formation.  
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Moreover, together with the biopolymers listed above, cellulose is also a biodegradable. 

Therefore, it can be naturally depolymerized minimizing the waste at the end of the 

membrane life-cycle, unlike the oil-derived commercial polymer currently used.  

This is found to be the last point in the green membrane manufacture guideline proposed 

by Szekely et al. 

By following these guidelines, a more environmentally friendly membrane process 

production is obtained. 

 

1.10. Objectives 

 

The final goal of this work is the preparation and characterization of various membranes 

by using an environmentally friendly process which follows the guidelines proposed by 

Szekely et al. 

For the dope solution preparation are explored biodegradable and bioderived polymer, 

non-volatile and green solvents, or a combination of both. In addition, the classical 

flammable and toxic solvents are replaced by using naturally extracted non-volatile 

solvents. Also, a greener route for the membrane crosslinking is explored.  

This work has been carried out to prove that membrane fabrication can be translated into 

a more environmentally friendly process without affecting membrane performances. 

The implementation of a greener route is investigated for different membrane 

configurations such as hollow fibers, integrally skinned asymmetric and thin-film 

composite flat-sheet membranes. 
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The prepared membranes aim for separations in water and organic solvent, respectively. 

The formation of membranes for water applications is discussed in chapter 3 and 4. These 

chapters focus on developing green hollow fibers from cellulose-ionic liquids solutions for 

oil-water separation and ion-exchange chromatography, respectively. Chapter 3 gives the 

preferred solvent selection perspective to replace the classical NMP, DMF and DMAc. 

While chapter 4 describes the importance of the coagulant temperature and 

functionalization conditions for protein purification application. 

For organic resistant membranes, different strategies have been developed. 

Chapter 2 describes the developments of green cellulose hollow fibers using three 

different ionic liquids and the different crystallinity obtained during the regeneration 

step. This part studies the diversity between classical SEM and cryo-SEM for 

morphological investigation and the interaction of dyes with the cellulose substrate in the 

performance section.  

In chapters 5 and 6, the development of thin-film composite nanofiltration membranes is 

discussed. Here the classical hexane is replaced with naturally extracted solvent for the 

interfacial polymerization reaction. The performance of the membranes was investigated 

using methanol as solvent and a selection of various dyes as probe solutes. 

Chapter 6 also demonstrates the self-assembly mechanism using oleic acid as the organic 

phase. 

Chapter 7 investigates the solubility of polytriazole in ionic liquid to form partially green 

integrally skinned asymmetric membranes. The organic resistance nanofiltration pore size 

is achieved via a green reaction by dissolving the crosslinked directly in an aqueous 
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solution. Here the membranes performances are investigated using DMF from 

temperature up to 105 °C while the creep-recovery measurements confirm low polymeric 

aging. 

Chapter 8 summarized the discoveries achieved during this work, from chapters 2 to 7, 

followed by a little perspective for future work concerning the sustainable manufacture 

of polymeric membranes. 
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CHAPTER 2 

Cellulose hollow fibers for organic resistant nanofiltration 

 

This chapter was published as: 

 

Falca, G., Musteata, V-E., Behzad, A.R., Chisca, S., Nunes, S.P., Cellulose hollow fibers for 

organic resistant nanofiltration. Journal of Membrane Science, 2019. 586: p. 151-161. 

 

The author’s contribution in this section involved the developing a reliable and 

reproducible procedure for the hollow fibers production at high temperature. The author 

carried out the membrane manufacture and characterization of the hollow fiber 

morphology, chemical resistance and mechanical stability. Additionally, the author also 

designed and built the cross-flow permeation setup used for the permeance and rejection 

tests. 
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Abstract 

Cellulose is the most abundant biopolymer, but it is difficult to process due to its low 

solubility in most of the solvents. In this work, we demonstrate the preparation, of self-

standing and defect-free cellulose hollow fiber membranes made by a sustainable process 

for filtration in organic solvent medium. The hollow fibers were made by the simple 

spinning technique using ionic liquids as a solvent. The spun solutions were prepared with 

three different ionic liquids, having imidazolium-based cations and acetate or phosphates 

as anions. We used X-ray diffraction to evaluate the influence of the different ionic liquids 

on the crystallinity of the cellulose and the membrane solvent stability. We used cryo-

scanning electron microscopy to investigate the porous structure of the hydrated 

membranes, distinguishing it from that of the dry membranes. The hollow fiber 

membrane per- formance was studied using dyes in water and ethanol solutions. The 

rejection of Congo Red (696 g mol−1) was higher than 90% in ethanol and even closer to 

100% in water. The best results were obtained by using 1-ethyl-3- methyimidazolium 

diethyl phosphate and 1,3-dimethylimidazolium dimethyl phosphate. Our results indicate 

that by using greener process is possible to obtain solvent resistant cellulose hollow 

fibers.  

2.1 Introduction 

The demand for natural materials steadily increases due to their biocompatibility and 

greener manufacturing features [1]. Cellulose stands out as the major biopolymer 

naturally produced during the plant growth. Additionally, it may also be generated by a 
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bacterial metabolism through in-situ production and easily disposed via enzymatic 

saccharification [2, 3]. Cellulose can be used for several applications such as liquid or gas 

separation, as fibers, nanocrystals, reinforcement nanofibrils, and as raw material for 

biofuel [4-7]. Despite its several advantages, only a small percentage is nowadays used in 

industries such as paper, textile, and pharmaceutical [7]. The cellulose structure is 

complex, constituted by coexisting crystalline and amorphous regions with strong 

hydrogen bonds, with different spatial arrangements or polymorphs. Six different 

polyforms are currently known, and they strongly depend on the nature of the cellulose 

itself. The most common are cellulose Ι and cellulose ΙΙ. The first one is found in the native 

cellulose and leads to higher crystallinity degree, but is the thermodynamically least 

stable. Cellulose ΙΙ instead, besides having more stability, is reported to be the most 

spread, since it arises from the dissolution-regeneration and mercerization of the 

biopolymer [8-10]. 

The cellulose macromolecule is formed by several subunits of d-glucose. Each one of them 

possesses three hydroxyl groups, which make the chemical modification very appealing, 

but at the same time make the cellulose quite challenging to dissolve. In fact, the hydroxy 

groups are positioned on the ring plane, while the hydrogen atoms are vertically directed, 

and together can form inter and intramolecular hydrogen bonds, from which, the final 

hierarchical structure arises [11, 12]. This complexity is one of the discussed causes of 

dissolution problems in the most common solvents. Although cellulose is overall a 

hydrophilic molecule, it has an amphiphilic character, and to be solubilized, the solvent 

has to overcome both hydrophilic and hydrophobic interactions; in other words, an 
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amphiphilic solvent is needed [11-13]. The most spread dissolution methods in the 

industry involve the use of acids [14, 15], alkali [16], or organic solvents [17] with dissolved 

salts [18-20], which as well, might chemically modify the cellulose. A more compressive 

and detailed solvent list is reported elsewhere [21, 22]. Most of the mentioned processes 

are environmentally hostile and consider a large amount of solvent waste. Moreover, a 

significant part of the operating cost in the industry is reported to be related to solvents 

consumption, and/or disposal [23-25]. Therefore, an alternative and greener method 

should be industrially adopted to dissolve the biopolymer. 

The harsh more commonly used solvents for cellulose can be substituted by ionic liquids 

(IL)[26], which are organic salts with negligible vapor pressure; this is a crucial parameter 

since one of the major pollution causes nowadays is due to the vapor organic compounds 

(VOC) [27]. Additionally, it is possible to adjust the sizes of the cation and the anion 

forming the IL, giving the possibility to tune the hydrophilicity/hydrophobicity of the 

solvent [28, 29]. The first dissolution of cellulose with ionic liquids is documented in a 

patent of 1934 [30], and a long time has passed before this concept turned into a real 

application. Nowadays many systems based on different combinations of anion/cations 

are reported [31-35]. One of the fields that could profit more from the dissolution of 

cellulose in ILs is the membrane technology and efforts in flat-sheet membrane 

preparation using ILs are now reported [6, 36-41]. Different rejection level has also been 

achieved, varying from the ultrafiltration (UF) to the nanofiltration (NF) field. So far, the 

reports on cellulose membranes prepared from solutions in ionic liquids have focused on 

flat sheet membrane configurations [42], while the more challenging and appealing 
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hollow fiber preparation for nanofiltration application has been explored yet. Cellulose 

hollow fibers were previously spun only in common solvents [17, 43, 44] for gas 

separations and UF purpose. 

Although cellulose membranes prepared by simple phase inversion in water apparently 

lead to a dense morphology [10], the transport of small molecules is promoted by 

differential interactions between the cellulose and the solute molecules, which are 

predominantly based on hydrogen bonds. The characteristics of cellulose membranes 

make them suitable for dyes separations. Dyes are widely used in the rubber, textile, 

pharmaceutical, and petroleum industries. However, some of them are found to be linked 

to health disorder and, in some cases, they might even be mutagenic [45]. Moreover, in 

the textile processing, besides high quantities of produced wastewater containing dyes, 

also organic solvents are present. A solvent recovery using nanofiltration or adsorption 

technologies would be a good solution for the waste reduction [46-48]. The process of 

organic solvent nanofiltration (OSN) [49] typically aims to separate molecules with size in 

the range of 200–1000 g mol−1 [50], which includes most of the dyes. 

The development of solvent resistant membranes is growing fast, using materials such as 

poly (ether ether ketone) (PEEK) [51, 52], polyimide (PI) [53-55], polybenzimidazole (PBI) 

[56, 57] and polytriazole (PTA) [58, 59]. In most cases, the solvent resistance is only 

achieved by crosslinking. Otherwise, non-crosslinked membranes suitable for use in 

organic solvents are commonly processed by using acids or other aggressive solvents. 

In this work, we propose and demonstrate the manufacture of cellulose hollow fibers by 

the simple spinning procedure, using three different ionic liquids as solvent. The 
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selectivity for different dyes and their affinity to the membrane have been investigated 

by dynamic filtration and static adsorption using organic solvents and water. Effective 

solvent resistant nanofiltration membranes could be obtained without the necessity of a 

crosslinking reaction. 

 

2.2 Experimental 

 

2.2.1 Materials 

Cellulose Avicel PH-101, 1-ethyl-3-metthylimidazolium acetate ([EMIM][Ac]), 1-ethyl-3-

methyimidazolium diethyl phosphate ([EMIM][DEP]), 1,3-dimethylimidazolium dimethyl 

phosphate ([DMIM][DMP]), 1-ethyl-3-methylimidazolium chloride ([EMIM][Cl]), ethanol 

(99.9%), acetone (99%), methanol (99%), dimethylformamide (DMF) (99.8%), 

tetrahydrofuran (THF) (99%), N-methyl-2-pyrrolydone (NMP) (99.5%), glycerol (99.5%), 

Congo Red (CR), Safranin O (S), Brilliant Blue R (BBR), Reactive Green (RG), polyethylene 

glycol (PEG) (0.4, 1.5, 10 and 35 kg/mol) and polystyrene (PS) (2, 10 and 30 kg/mol) were 

purchased from Sigma-Aldrich and used without further purification. 

 

2.2.2 Preparation of cellulose membranes 

 

The pristine cellulose was firstly dried in a vacuum oven at 70 °C for 3 h to eliminate the 

residual moisture. Flat-sheet and hollow fiber cellulose membranes were prepared using 

the dried pristine polymer dissolved in the ionic liquids listed in Table 2.1. The flat-sheet 
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free-standing membranes were obtained by casting 12 wt% solutions on glass plates at 

80 °C, followed by immersion in water. A 12 wt% cellulose dope was also used to spin 

hollow fibers in a small laboratory spinning apparatus under the conditions listed in Table 

2.1. The solutions were vigorously stirred for about 2 days at 85 °C. The homogeneous 

viscous solution was transferred to a previously heated metallic container. The pre-

heating was essential to avoid any gelation. The container was coiled up with electrical 

heaters. The solution was degassed at 90 °C overnight. The container was connected to a 

nitrogen cylinder and the spinneret. The fibers were obtained by spinning, reaching the 

non-solvent bath by free-falling. The hollow fibers were kept in the water bath for 2 days 

to guarantee that the solvent was washed out. Finally, the membranes were immersed in 

an aqueous glycol solution before drying to avoid any pore collapse. The hollow fiber 

modules were prepared with a single fiber. A pair of Swagelok t-connections were 

mounted on a straight tube; then the fiber was threaded through it and fixed with epoxy 

resin. 

 

Table 2.1. Casting and spinning conditions for cellulose flat-sheet membranes and hollow 

fiber preparation.  

Casting and 

spinning 

conditions     

Dope solvent [EMIM][Ac] [EMIM][DEP] [DMIM][DMP] [EMIM][Cl] 
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Dope cellulose 

concentration 

(wt %) 

12 12 12 12 

Flat-sheet 

preparation 

conditions 

    

Casting 

temperature 

(°C) 

80 80 80 80 

Hollow fiber 

spinning 

conditions 

    

External 

coagulant 

Tap water Tap water Tap water Tap water 

Bore fluid DI water DI water DI water DI water 

Bore fluid flow 

rate (ml/min) 

4 4 4 4 

Air gap (cm) 20 20 20 20 

Dope solution 

and spinneret 

90 90 90 90 
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temperature 

(°C) 

External 

coagulant 

temperature 

(°C) 

25 25 25 25 

Spinning 

pressure (bar) 

3 3 3 3 

 

 

2.2.3  Morphological characterization 

 

The hollow fiber cross-section and surface morphologies were investigated by scanning 

electron microscopy (SEM) (Quanta 600 and Zeiss Merlin), using a voltage of 3 kV and a 

working distance of 3 mm. For the SEM imaging, the samples were freeze-dried to 

guarantee a complete water removal without any structure collapse. To investigate the 

cross-section, the hollow fibers were fractured in liquid nitrogen. Finally, a 3 nm iridium 

coating was applied by sputtering onto the membrane for charging reduction. 

The Cryo-SEM was carried out on a Nova Nano 630 FEI microscope to investigate the 

morphology of the hollow fibers in the wet state. The microscope was equipped with 

liquid nitrogen cryogenic system and the sample temperature was −115 °C. The imaging 

was performed at a voltage of 5 kV and 5 mm working distance. To prepare the sample, 
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the hollow fibers were frozen in liquid nitrogen and fractured at −170 °C. To eliminate any 

condensed ice, the fracture was sublimed at −90 °C and coated with platinum inside the 

cryogenic chamber. 

 
2.2.4.  Solvent stability evaluation 

 

The solvent stability was evaluated using flat-sheet membranes. The membranes cast 

with different solvents were freeze-dried, weighed in an analytical balance and then 

immersed in 5 ml of THF, NMP, and DMF, separately. After 10 days, the membranes were 

washed in methanol and freeze-dried again to ensure the solvent removal before the 

second and final weight. The solvent resistance, Or, was finally evaluated as reported in 

Ref. [6] (Equation (2.1)), where m1 is the membrane weight before the immersion, and 

m2 after the 10 days. 

 

𝑂𝑟 = ⌊1 − (
𝑚1−𝑚2

𝑚1
)⌋     (2.1) 

 

2.2.5. Dye static adsorption 

 

The static adsorption was evaluated using flat sheet membranes. A membrane area of 

1 cm2 was accurately cut and immersed in 10 mL of dyes (Table 2.4) solution using water 

and ethanol as solvents. The solution concentrations were measured ahead of the 

membrane immersion using a UV spectrometer (NanoDrop 2000c) and a previously 
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determined calibration curve of UV absorption as a function of concentration. The 

measurements were repeated every 24 h for 20 days until the dye adsorption on the 

membrane became constant. The amount of adsorbed dyes per cm2 of membrane was 

calculated, by knowing the difference between the concentrations before and after the 

membrane immersion in the 10 mL dye solution. 

 

2.2.6. X-ray diffraction analysis 

 

The cellulose degree of crystallinity and its polyform type were investigated using a Bruker 

D8 Advance diffractometer with Cu-Kα radiation source at 40 kV and 40 mV. The 

diffraction data were measured in the range of 5°–50°. The tests were done using flat 

sheet membranes. 

The crystallinity index (CI) was calculated using Equation (2.2), first proposed by Segal et 

al [60]. and further used by Chukwuemeka et al. [61] to compare the crystallinity of 

cellulose samples. 

 

𝐶𝐼 =
𝐼002−𝐼𝑎𝑚

𝐼002
∗ 100     (2.2) 

 

where I002 is the maximum intensity of the peak corresponding to 2θ = 22° for Cellulose II 

and 2θ = 22.7° for Cellulose I, respectively, and Iam is the intensity of the diffraction 

related to the amorphous region (2θ = 18° for Cellulose II and 2θ = 16° for Cellulose I). 
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2.2.7. Performance 

 

Pure solvent permeations were measured after immersing the module into the 

permeating solvent for a period of up to 24 h. A filtration setup was used to pump the 

feed in a crossflow mode, measuring the amount of permeate at fixed time intervals. The 

membrane permeation was measured using a single hollow fiber module. A 

transmembrane pressure of 0.2 bar was provided by a peristaltic pump and regulated by 

a valve in the downstream section. All the experiments were performed at room 

temperature. 

The permeances were calculated using Equation (2.3): 

 

𝐽 =
𝑄

𝐴∆𝑃
      (2.3) 

 

where Q is the permeation rate (L h−1), A is the filtration area (m2), and ΔP is the 

transmembrane pressure (bar), and the effective area is A=πDL, D being the outer 

diameter of the single fiber (m) and L is the fiber length (m). 

For rejection measurements, dyes, PEG and PS were used as testing solutes. In the case 

of dyes separation, 200 ml of the same solutions of the static adsorption were used as 

feed. To evaluate the dyes separation performances and exclude the effect of the solute 

adsorption, the retentate concentration was carefully measured and the permeate was 

collected first when no decreasing feed concentration was observed. 1 g/L PEG feed 
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solutions in water were prepared using different molecular weights (0.4, 1.5, 10 and 

35 kg/mol). The rejection was evaluated by Equation (2.4): 

𝑅(%) = 100 ∗ (1 −
𝐶𝑝

𝐶𝑓
)     (2.4) 

where Cp and Cf are the solutes concentrations in the permeate and feed solutions 

respectively. The molecular weight cut-off (MWCO) is defined as the lowest molecular 

weight that can be 90% rejected by the membrane. The concentrations were analyzed in 

two different ways. In the case of linear, uncharged and colorless molecules, gel 

permeation chromatography was used with an Agilent refractive index detector and 

water as a mobile phase at 35 °C. For dyes molecules, an UV spectrometer (NanoDrop 

2000c) at different wavelengths was used instead. 

 

2.2.8. Dynamic mechanical analysis 

 

The mechanical characterization was performed on a Q800 Dynamic Mechanical Analyzer 

in the tensile mode. For this measurement, hollow fibers of about 2 cm were fixed on 

clamps. The stress-strain analyses were carried out at a constant temperature of 25 °C 

using a force rate of 0.1 N/m in a range of 0–18 N. 

 

2.2.9. Zeta Potential 

 

The zeta potential of the membranes was measured in aqueous solutions with pH 7, using 

a Zetasizer Nano series HT. 
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2.3. Results and discussion 

 

Cellulose solubilization tests were successfully performed in each of the four ILs reported 

in Table 2.1. Additional tests were performed in 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl) imide, 1-butyl-3-methylimidazolium thiocyanate, 1-ethyl-3-

methylimidazolium hexafluorophosphate, 1-hexyl-3-methylimidazolium chloride, 1-

methyl-3-propylimidazolium hexafluorophosphate, 1-methylimidazolium hydrogen 

sulfate, and 1-n-hexyl-3-methylimidazolium hexafluorophosphate, however without 

leading to a solubilization. 

 

2.3.1. Flat sheet membranes 

 

The four solutions in Table 2.1 were used for casting flat-sheet membranes, followed by 

phase inversion in a water bath. Only the first three solvents led to a self-standing 

membrane. Although [EMIM][Cl] can dissolve cellulose in a relatively high concentration 

[4, 32], a stable membrane could not be obtained. 

The goal of this work was the preparation of hollow fiber membranes. Initially, flat-sheet 

membranes were prepared to evaluate crystallinity, organic resistance, zeta potential, 

and susceptibility to dyes adsorption, as discussed below. The results obtained for flat-

sheet membranes could be extended to hollow fibers prepared under analogous 

conditions (same solvent and temperature for phase inversion in water). A detailed 

performance investigation was conducted for the hollow fibers as later discussed. 
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2.3.1.1. Crystallinity 

 

Figure 2.1 shows the XRD profiles of raw cellulose and membranes obtained with the ILs 

after the non-solvent induced phase separation. They reveal different cellulose 

polymorphs. The pattern of the raw cellulose (red line) and the membrane prepared from 

solutions in [DMIM][DMP] (dark green line) displayed a sharp peak at 2θ = 22.7° and 

weaker peaks at 2θ = 15° and 16.5°, typical of the Cellulose I [62]. The calculated 

crystallinity index for this system was 46%, and as expected it was lower than for the 

native cellulose powder. The high crystallinity, which is not fully disrupted by 

[DMIM][DMP], could explain why the respective cellulose casting solution is turbid, 

compared with the analogous solutions in [EMIM][Ac] and [EMIM][DEP]. No previously 

reported cellulose membrane, prepared by phase inversion, had this polymorph. Figure 

2.1 also shows the profiles of the membranes prepared from solutions in [EMIM][Ac] and 

[EMIM][DEP] in light green and blue lines, respectively, with peaks at 2θ = 12.3°, 20.5°, 

22, which are typical of Cellulose II [8, 62]. This polymorph type is more commonly 

observed after treatments, such as dissolution, regeneration or chemical modification 

and is characterized by higher thermodynamic stability than Cellulose I. The crystallinity 

indexes, in this case, are 32% and 30% for the membranes prepared from solutions in 

[EMIM][DEP] and [EMIM][Ac], respectively. 

Moreover, the x-ray analysis helps to explain the results of the organic resistance analysis, 

as shown below. 
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Figure 2.1. (a) XRD analysis of native cellulose powder and membranes cast from solutions 

in [EMIM][Ac], [EMIM][DEP] and [DMIM][DMP]; (b) Photographs of the corresponding 

cellulose casting solutions. 

 

2.3.1.2. Organic solvent resistance 

 

Figure 2.2 shows the resistance of the flat-sheet membranes towards the most common 

and aggressive organic solvents: NMP, DMF, and THF. The membrane with the same 

polymorph of the native cellulose is the most robust. As in the case of the native cellulose, 

this is due to the strong hydrogen bonding formed at the inter and intramolecular level. 

These strong interactions guarantee that even though the organic solvent would be able 

to penetrate the structure, it would only cause swelling, but not dissolution [63, 64]. 

Cellulose II is as well able to form hydrogen bonds, which help the membranes to keep an 

adequate resistance towards the solvents. The higher solubility in NMP or DMF of 

membranes prepared from solutions in [EMIM][Ac] is strictly connected to the acetylation 
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of the cellulose [6, 65, 66]. The acetylation partially disrupts the cellulose-cellulose 

hydrogen bonds and facilitated the contact with the solvents, separating the polymer 

chains. 

 

 
Figure 2.2. Organic solvent resistance of membranes prepared from solutions in 

[DMIM][DMP], [EMIM][DEP] and [EMIM][Ac], respectively. 

 

2.3.1.3. Dyes adsorption 

 

Since hydrogen bonds might also lead to dye adsorption and masquerade the rejection 

and MWCO results, a static absorbance analysis was carried out with dyes solutions in 

both water and ethanol. These experiments gave an indication if the rejection is purely 

due to a size exclusion molecular sieving or to a high affinity between the dyes and the 

membranes. The tested dyes were negatively (Congo Red, Reactive Green) and positively 

(Safranin O) charged, to compare the effect of the charge interactions. Brilliant blue R has 
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two negative sulfonic groups as well as one positively charged protonated nitrogen atom 

per molecule. 

Table 2.2 reports the values of zeta potential for different membranes. The membrane 

surfaces are negatively charged, independently of the solvent used for the preparation. 

As reported in Figure 2.3, the highest adsorption takes place in aqueous solutions. 

Adsorption is a surface effect. It is strongly influenced by the charge interaction between 

the dyes and the cellulose surface, as well as by the hydrogen bond formation between 

dyes and cellulose. The slightly positively charged Safranin O has strong adsorption on 

cellulose in aqueous solutions, but in ethanol the adsorption is neglectable. The dielectric 

constant of ethanol is 3 times smaller than that of water. The dissociation of dyes 

molecules and the effective charge effect is therefore much more pronounced in water 

than in ethanol. 

 

Table 2.2. Zeta potential values of the membranes measured in aqueous solutions at pH 

7. 

pH7   

Cellulose/[EMIM][Ac] Cellulose/[EMIM][DEP] Cellulose/[DMIM][DMP] 

-36.06 -42.1 -27.46 
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Figure 2.3. Static adsorption of dyes on cellulose membranes in (a) water and (b) in 

ethanol. 

 

The adsorption of Brilliant Blue R, containing both sulfonic groups and a protonated 

nitrogen atom is less pronounced in ethanol but remains substantial, especially on 

membranes cast from solutions in [EMIM][Ac]. The adsorption of the negatively charged 

Congo Red is strong in water and ethanol. The charge effect alone cannot explain the 

behavior of these two dyes. Hydrogen bonding must be the predominant factor. Cellulose 

is known for its large density of hydrogen bonds. The hydroxyl groups in cellulose are 

hydrogen bond donors, due to the proton bonded to the electronegative oxygen atom, 

and at the same time, they can act as hydrogen bond acceptors, due to the available 

electron pairs in the oxygen. As mentioned before, the spontaneous hydrogen bond 

formation strongly contributes to the insolubility of cellulose and its stability in most 

solvents. But the hydroxyl groups also provide sites for hydrogen bond formation with 

dyes, leading to a partially irreversible adsorption. Primary and secondary amino groups, 



 
 

 

105 

 

respectively present in Congo Red and Brilliant Blue R, can also act as both hydrogen bond 

donor or acceptor and easily attach to the cellulose surface. The primary amines in Congo 

Red are even more effective in the adsorption [67]. The sulfonic groups in both dyes can 

act as proton acceptors [68], forming then hydrogen bonds with the cellulose hydroxyl 

groups. Practically no adsorption reduction is observed in this case when changing from 

water to ethanol. 

When comparing membranes obtained from solutions in different ionic liquids, those 

prepared from a solution in [EMIM][Ac] had the strongest adsorption. It is known that 

partial acetylation takes place when cellulose is heated in [EMIM][Ac] [69]. The acetate 

group is not a hydrogen bond donor, due to the lack of an acidic proton. It is a relatively 

weak hydrogen bond acceptor. The ester groups as hydrogen bond acceptors seem to 

favor the interaction with the primary amino groups in Congo Red and the secondary 

amino groups in Brilliant Blue R as hydrogen bond donors. The intensity of cellulose-

cellulose hydrogen bond is higher in the case of the membranes prepared with other ionic 

liquids. This explains why the membranes made from solutions in [EMIM][Ac] are less 

resistant to the organic solvents since the interchain disruption would be easier. 

 

2.3.2. Hollow fiber membranes 

2.3.2.1. Morphology 

 

Hollow fiber membranes were spun, following the conditions listed in Table 2.1. The 

morphology of the fibers was investigated by SEM. The SEM images are shown in Figure 
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2.4. The hollow fibers are free of macrovoids. Although they were prepared with the same 

spinneret and same weight % of cellulose in solution, the diameter of the dry fibers 

obtained from different ionic liquids is clearly different. The fiber obtained from 

[EMIM][DEP] has the largest diameter, while those obtained from [EMIM][Ac] or 

[DMIM][DMP] are much more compact. At high magnification, a morphology with 

wrinkles can be seen with the smallest features for that prepared from [EMIM][Ac]. 

Interstitial paths in the wrinkles could be responsible for the transport of water and linear 

molecules, such as PEG, during the filtration experiments. However, another possibility is 

that the observed wrinkles would be formed by drying during the sample preparation for 

SEM. To clarify if the morphology of the dry membranes is the same as that in water or 

another filtration medium, which would be more relevant for the real application, cryo-

SEM images were obtained of wet membranes after immersion in water. The cross-

section cryo-SEM images are reported in Figure 2.5. At a low magnification, we confirm 

that the membrane prepared from [EMIM][DEP] is the one with the largest diameter. The 

big difference can be seen at high magnification. The detailed cryo-SEM images of the 

fibers cross-sections are clearly different than those of the corresponding dry fibers. No 

wrinkles are observed, but a fine porosity is seen. The membrane prepared from 

[EMIM][DEP] is the densest one, while those prepared from [EMIM][Ac] and 

[DMIM][DMP] are more porous with more open pores. 
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Figure 2.4. Cross-section SEM images (room temperature) of hollow fibers prepared from 

cellulose solutions in (a) [EMIM][Ac], (b) [EMIM][DEP] and (c) [DMIM][DMP] with low 

(top) and high (bottom) magnifications. 

 

 
Figure 2.5. Cross-section cryo-SEM images of hollow fibers prepared from cellulose 

solutions in (a) [EMIM][Ac], (b) [EMIM][DEP] and (c) [DMIM][DMP] with low (top) and 

high (bottom) magnifications. 
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2.3.2.2. Performance 

 

The permeation of the different hollow fiber membranes to pure water, ethanol, and DMF 

was investigated in cross-flow experiments, and the results are listed in Table 

2.3 and Figure A2.1. The results of analogous measurements performed with dyes 

solutions are shown in the supplementary information (Figures A2.2–A2.4). The 

permeation of a hollow fiber prepared from solutions in [EMIM][Ac] was clearly higher 

than of others, and this can be explained by the more open structure seen in Figure 2.5a. 

The rejections of the membranes were evaluated first using PEG solutions in water. These 

are neutral linear molecules with molecular weights 0.4, 1.5, 10, and 35 kg/mol. The 

experiments were also performed in cross-flow cells, and the results are shown in Fig. 

2.6a. The MWCOs are all in the ultrafiltration range. The hollow fiber membrane with the 

lowest MWCO (18 kg/mol) was prepared from solutions in [EMIM][DEP]. They have the 

densest porous structure, as shown in Figure 2.5b. Cellulose/[EMIM][Ac] hollow fibers 

had a MWCO of 23 kg/mol and the cellulose/[DMIM][DMP] ones had a MWCO higher 

than 35 kg/mol. 
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Table 2.3. Permeation of hollow fiber membranes prepared from cellulose in different 

ionic liquids as solvents. 

Permeant Permeation (L m-2 h-1 

bar-1) 

  

 Cellulose solvent   

 [EMIM][Ac] [EMIM][DEP] [DMIM][DMP] 

Water 48 ±3 8 ± 2 13 ± 2 

Ethanol 19 ± 1 6 ± 1 6 ± 1 

DMF 44 ± 9 7 ± 1 8 ± 2 

 

 
Figure 2.6. Rejection performance of cellulose hollow fibers: (a) rejection of PEG with 

different molecular weights (0.4, 1.5, 10, and 35 kg/mol) in water for fibers prepared from 

different ILs; (b) rejection of PS with different molecular weights (2, 10 and 30 kg/mol) in 

DMF for fibers prepared from solutions in [EMIM][DEP]. 
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The permeation and retention of molecules with various molecular weights indicate the 

hollow fiber membranes capability of separation, controlled by size sieving. However, the 

linearity of the PEG molecules might masquerade the exact pore size determination since 

their molecular reptation into nanopores cannot be excluded. An additional factor that 

can also influence the PEG transport is its interaction with the hydrated cellulose. 

Moreover, in the fully swollen condition, the cellulose chains have higher mobility, leading 

to a decrease of the glass transition temperature below ambient temperature [67, 70]. 

All these aspects together could contribute to the rejection of PEG's linear molecules, 

which could diffuse through the amorphous part of the cellulose. For this reason, we 

additionally investigated the performance of the hollow fibers for rejecting PS, which is a 

macromolecule with aromatic repeating unities, with much weaker interaction with 

cellulose. We present here the results for the hollow fibers prepared from solutions in 

[EMIM][DEP], chosen because they were the ones with the best MWCO measured using 

PEG in water. The experiments were performed with PS solutions in DMF (Figure 2.6b), 

leading to a MWCO around 25 kg/mol. This is even higher than the value measured with 

PEG in water (18 kg/mol). PEG is reported to adsorb on cellulose [71, 72] , through the 

terminal groups, which have a basic character. If some adsorption occurs, an effective 

reduction of the pore diameters could lead to a slightly higher rejection (lower MWCO). 

The basicity effect is more pronounced for lower molecular weights [73], promoting even 

higher difference in rejection values for PEG and PS of similar molecular weights in the 

range of 10 kg/mol or below. 
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The filtration and rejection tests were further performed with non-linear small molecules. 

Dyes are available in different sizes in the nanofiltration range (Table 2.4), however a 

careful analysis of their permeation results is necessary. In the nanofiltration range, the 

transport might be a combination of pore flow and solution-diffusion [74]. Parallel to the 

size effect, the dyes affinity with cellulose promoted by polarity and hydrogen bonding, 

and the Donnan effect caused by the charged molecules might enhance or hinder the 

transport through the membrane. In addition, a potential adsorption on the cellulose 

must be carefully taken into consideration. In aqueous solution, the best separation 

performance was again achieved with the cellulose/[EMIM][DEP] membrane, which was 

the densest, followed by cellulose/[DMIM][DMP] membranes. They succeeded in 

rejecting more than 90% of all negative dyes (Figure 2.7b), while the cellulose/[EMIM][Ac] 

hollow fiber membrane was able to exclude Reactive Green (1418 g mol−1) and Congo Red 

(696 g mol−1) but not Brilliant Blue R (826 g mol−1) (Figure 2.7a). A low rejection of the 

positively charged Safranin O was measured for all membranes, which are negatively 

charged (Table 2.2). Safranin O is also the smallest dye investigated in this work 

(350 g mol−1, Table 2.4). 
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Table 2.4. Dyes properties [75, 76]. 

 MW 

(g/mol) 

Dye structure Hansen solubility parameters (MPa)1/2 

 Charge  δD 

 
δp 
 

δH 
 

Ra 

 

Cellulose   12.7 

6.8 

19.4 

15.8 

31.3 

24.8 

 

Cellulose 

acetate 

  14.9 7.1 11.1  

Water   15.5 15 42.3 12.8 

Ethanol   15.5 8.8 19.4 14.7 

Reactive 

green 

1418 

Negative 

 

    

Brilliant 

blue 

826 

Negative 

 

18.6 14.2 17 19.2 

24.9 

Congo red 696 

Negative  

17.9 22.1 25.7 12.2 

23.1 

Safranin 

O 

350 

Positive 

 

20.1 5.1 8.5 30.7 

33.0 
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Each δ contribution (dispersive, polar and H-bond) is in part estimated using the HSPiP 

software [75]; the cohesive energy δ2 equal to. 

 

 
Figure 2.7. Dyes rejection of hollow fiber membranes, prepared from cellulose solutions 

in (a) [EMIM][Ac], (b) [EMIM][DEP], and (c) [DMIM][DMP]. Rejection measured after 24 h 

filtration with dyes dissolved in water. 

 

In ethanol, the best separation performance was again achieved with 

cellulose/[EMIM][DEP] and cellulose/[DMIM][DMP] membranes, which were able to 

reject more than 90% Congo Red, as reported in Figure 2.8b and c, respectively. Despite 

the higher molecular weight, Brilliant Blue R was not rejected with the same efficiency by 

the membranes (Figure 2.8). Figure 2.3 shows that the adsorption of Congo Red is much 

stronger than of Brilliant Blue R. The higher affinity between the cellulose and Congo Red 

is due to the positions and space between the functional groups, sterically matching the 

functionality in the cellulose. As it has already been reported by other groups, direct dyes 

can strongly form hydrogen bonding with the cellulosic substrate [67, 77]. The amino 

groups in the Congo Red are spaced at intervals corresponding to the distance of hydroxyl 
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groups of the cellulose [67, 68]. This favors the dye adsorption on the membrane surface. 

The rejection was measured after 24 h of constant exposure to the dye and we assumed 

that the adsorption of the dyes was not an ongoing process anymore. But the irreversible 

adsorption on the membrane probably contributed to the apparent high rejection of 

Congo Red compared with Brilliant Blue R, despite of its lower molecular weight. The 

cellulose/[EMIM][Ac] membrane, which is the most open with transport properties 

predominately following a pore-flow and sieving mechanism, does not reject the negative 

dyes (Figure 2.8a) with size as high as 1418 g mol−1. 

 

 
Figure 2.8. Dyes rejection of hollow fiber membranes, prepared from cellulose solutions 

in (a) [EMIM][Ac], (b) [EMIM][DEP], and (c) [DMIM][DMP]. Rejection measured after 24 h 

filtration with dyes dissolved in ethanol. 

 

Membranes prepared from cellulose/[EMIM][DEP] and cellulose-[DMIM][DMP] (Figure 

2.8b and c) had negative rejections of Safranin O. Negative rejection is a known 

phenomenon in dye filtration with organic media, and other groups were able to explain 

it using Hildebrand solubility parameter [78]. Cellulose is a semi-crystalline polymer. In 
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water or other polar solvents, the amorphous segments of cellulose are plasticized and 

swell. The transport through the cellulose membranes takes place through the plasticized 

flexible and amorphous portions. A transport mechanism based on the classical solution-

diffusion might be able to describe the negative rejection [74]. Table 2.4 lists the 

contributions to the Hansen solubility parameters due to dispersive forces, polarity and 

H-bonds formation (Equation (2.5)). The value of Ra, calculated by Equation (2.6) is an 

indication of the affinity between the permeants and cellulose. Higher Ra values 

correspond to lower affinity. δ values for cellulose from two different sources are 

presented and Ra were calculated for both set of values, as well as the δ values for 

acetylated cellulose. According to the Ra values, the affinities of water and ethanol to 

cellulose are similar and high. The affinity of Safranin O with cellulose is the lowest one 

(Ra = 33 (MPa)1/2). Therefore, the solubility factor using the solution-diffusion model 

would not explain the negative rejection, i. e. a preferential Safranin O transport through 

the membrane relative to ethanol. A possible explanation can be found by considering 

the water-cellulose and ethanol-cellulose H-bonds formation. Dyes transported through 

water-swollen cellulose are exposed to both OH groups of cellulose and OH groups of the 

water partially bonded to the polymer by H-bond. In the case of cellulose membranes 

swollen by ethanol, the H-bond between ethanol and cellulose is similarly strong, 

however we can figure out that a molecular orientation takes place. The H-bond between 

ethanol and cellulose shields its hydroxyl groups from the exposure to the permeating 

dyes. Safranin O molecules in an ethanol solution might be exposed to the less polar part 

of the ethanol (Figure 2.9). By the principle of independent surface action, we can 

https://www.sciencedirect.com/topics/materials-science/molecular-orientation
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consider that each part of the ethanol molecule has a local surface free energy. While the 

hydroxyl groups have surface energies around 190 erg/cm2, when the hydrocarbon part 

is exposed, the energy drops down to 50 erg/cm2 or less [79, 80]. The environment seen 

by the Safranin O molecules could be analogous to that of a hydrocarbon polymer 

like polyethylene, which has similar δ values, and therefore implying larger solubility 

(estimated Ra = 5.3 (MPa)1/2, based on polyethylene) than in cellulose solved by water. 

Higher solubility would promote the permeation by the solution-diffusion transport 

model. Membranes prepared from [EMIM][Ac] are at least partially acetylated and have 

less OH available for interaction with water. The values for cellulose acetate are also 

shown in Table 2.4. The Ra value with Brilliant Blue would decrease from 24.9 (cellulose) 

to 11.8 (cellulose acetate) (MPa)1/2, explaining the lower rejection in aqueous solutions 

in Figure 2.7a. 

 

𝛿2 = 𝛿𝐷
2 + 𝛿𝑃

2 + 𝛿𝐻
2      (2.5) 

 

𝑅𝑎 =  [𝑎 (𝛿𝐷,𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 −  𝛿𝐷,𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑡)
2

+  (𝛿𝑃,𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 − 𝛿𝑃,𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑡)
2

+

 (𝛿𝐻,𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 − 𝛿𝐻,𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑡)
2

]
0.5

     (2.6) 
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Figure 2.9. Hydrogen bond between cellulose and ethanol and exposure to Safranin O. 

2.3.1.3. Mechanical properties 

 

Besides the performance in terms of permeation and selectivity, the mechanical stability 

of a membrane is an important factor for applications. The hollow fiber mechanical 

properties were investigated by dynamic mechanical analysis and are reported in Figure 

2.10 and Table2.5. Toughness, Young's modulus and elongating at break were all 

determined by stress-strain experiments. All membranes exhibited similar behavior when 

in the dry state. The Young's modulus was calculated as the slope of the linear section of 

the stress-strain line, while the toughness by integrating the total area below the curve. 

Table 2.5 shows that the highest toughness was measured for the cellulose/[EMIM][DEP] 

hollow fibers, which also had the highest elongation at break and Young's modulus. The 

lowest values were obtained for the cellulose/[EMIM [Ac] hollow fibers. 
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Figure 2.10. Stress-strain mechanical analysis of the hollow fibers spun from solutions in 

different ionic liquids. 

Table 2.5. Mechanical properties of cellulose membranes prepared from solutions in 

different ionic liquids. 

 Membrane dried after swelling in water 

 [EMIM][Ac] [EMIM][DEP] [DMIM][DMP] 

Young modulus 

(MPa) 

21 30 23 

Toughness (GPa) 1 31 10 

Elongation at break 

(%) 

12 74 36 

 

2.4. Conclusions 
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Cellulose hollow fibers were successfully prepared via spinning technique using three 

different ionic liquids as solvent. Cellulose I polymorph was obtained with [DMIM][DMP], 

and Cellulose II was obtained with [EMIM][Ac] and [EMIM][DEP]. Membranes prepared 

from solutions in [DMIM][DMP] had slightly higher resistance towards organic 

solvents such as NMP, THF, and DMF, followed by [EMIM][DEP] and [EMIM][Ac]. 

Cryo-SEM images showed differences in porosity between the hollow fiber membranes. 

In aqueous media a complete rejection of all the negatively charged dyes, Congo Red, 

Brilliant Blue R and Reactive Green was achieved by preparing hollow fiber membranes 

from solutions in [DMIM][DMP] and [EMIM][DEP], while hollow fiber prepared from 

[EMIM][Ac] rejected only Congo Red and Reactive Green. The highest water permeances 

was obtained for cellulose/[EMIM [Ac], which is 48 L m−2 h−1 bar−1. 

In organic solvents, the best membrane performances were achieved for the hollow fibers 

obtained from [DMIM][DMP] and [EMIM][DEP]. The rejection of the negatively charged 

Congo Red (696 g mol−1) was higher than 90%. In opposite, the rejection of the much 

smaller (350 g mol−1) and positive dye Safranin O was negative. The negative rejection is 

explained by assuming a solution-diffusion mechanism and taking into consideration the 

solubility of the dyes into the membrane. The rejection is highly dependent on the affinity 

between the membrane and solute and not only on the solute size. 

The mechanical analysis showed that the membranes prepared with [EMIM][DEP] had 

the highest toughness and this combined with the good filtration performance makes 

them the best candidates to be used for separations in organic solvents 
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CHAPTER 3 

Oil-water separation using membranes manufactured from cellulose/ionic liquids 

solutions 

 

This chapter was published as: 

Dooli, K., Livazovic, S., Falca, G., Nunes, S.P., Oil–water separation using membranes 

manufactured from cellulose/ionic liquid solutions. ACS Sustainable Chemistry & 

Engineering, 2018. 7(6): p. 5649-5659. 

 

The author’s contribution in this research involved the novel technique of cellulose hollow 

fibers preparation at high temperature, and their morphological and performance 

characterization. 

The author designed and realized the permeation setup where the hollow fibers were 

tested in terms of permeance and rejection with aqueous solutions and oil-water 

emulsion. 
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Abstract 

 

Membrane processes are currently essential for seawater desalination, and their 

implementation in sustainable separations in the chemical industry is rapidly growing. 

The sustainability of the membrane manufacture itself has been frequently questioned, 

however, and needs to be improved. Ionic liquids are promising alternative solvents for 

membrane manufacture. We discuss general aspects of toxicity and recyclability in 

comparison to common organic solvents and take advantage of their unique capability of 

dissolution of polymers. such as cellulose, a natural and biodegradable polymer. Cellulose 

membranes were prepared from solutions in 1-ethyl-3-methylimidazolium acetate as flat 

sheets and hollow fibers. The membrane performances were evaluated for oil and water 

separation, with analysis of the influence of anionic, cationic, and neutral surfactants 

added to emulsions with different oil contents.  

 

3.1 Introduction 

 

Reverse osmosis is the leading technology for water desalination in arid regions such as 

the Middle East. Membranebased separation processes have been more and more 

integrated into the chemical industry, promoting sustainability, productivity, and 

economic advantages. However, the membrane manufacturing process itself needs to be 

more sustainable. Polymeric membranes are industrially prepared on a large scale in 
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continuous machines by a process consisting of steps of a polymer solution casting and 

immersion in a water bath. Reducing the emission volatile organic compounds (VOCs) 

during the manufacture and recycling the water bath would improve the membrane 

manufacture sustainability. VOCs, such as benzene, toluene, and xylene, are carcinogens. 

Due to their negative impact on the environment and human health, the regulations of 

VOC generating processes are now stricter, and indeed one of the most focused principles 

of green chemistry [1, 2] is the use of safer solvents and additives. 

Table 3.1 shows a general solvent selection guidance, classified as preferred, usable, and 

undesirable, depending on their toxicities [3-5]. In these classifications, the most common 

solvents for membrane fabrication, such as dimethylformamide (DMF), N-

methylpyrrolidone (NMP), and dimethylacetamide (DMAc), are categorized in the 

undesirable group, due to their toxicity. Their acute toxicity is compared in Table A3.1. 
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Table 3.1. Solvent selection guide a. 

Preferred Usable Undesirable 

Water Dimethyl sulfoxide (DMSO) Dichloromethane 

1-butanol Tert-butyl alcohol Chloroform 

2-butanol 1-propanol 1,2-dichloromethane 

Dimethyl carbonate 2-propanol Dimethylformamide (DMF) 

Ionic liquids Acetone N-methilpyrrolidone 

Supercritical CO2 Toluene Pyridine 

Fluorous media Heptane Dimethylacetamide 

Biosourced solvents Tetrahydrofuran (THF) Hexane 

aSources (modified) from GSK and Pfizer’s solvent selection guide [3,4]. 

 

The most common alternative solvents, explored in polymer science and engineering, are 

supercritical carbon dioxide (scCO2), fluorous media, water, biosourced solvents, and 

ionic liquids. Advantages and disadvantages of these solvents are summarized in Table 

A3.2. Ionic liquids have no measurable volatile pressure and thus do not produce VOCs. 

From this point of view, they could be advantageous solvents for membrane 

manufacture. Furthermore, their benefits and influence on the membrane properties 

were demonstrated by our group and others, as shown in Table 3.2. Ionic liquids are 

constituted by large ions, frequently having a low degree of symmetry. These factors lead 

to low lattice energy of crystal formation and low melting point,[6] being liquid at room 

temperature[7]. The dominant interactions in ionic liquids are hydrogen bonding, π–π 
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stacking, and electrostatic, which are less frequent or less intense in commonly used 

organic solvents[8]. Some of the commonly combined cations and anions in ionic liquids 

[9] and their physical–chemical properties are illustrated in Figure A3.1 and Table A3.3. 

While ionic liquids are considered green due to their low VOC level, the impact on the 

aqueous environment has to be carefully considered, if they would be discarded as 

effluent. Some ionic liquids may be significantly toxic,[10] but they can be tunable to 

become environmentally benign [11]. To choose the adequate ionic liquids, the tendency 

of their toxicity might be understood. The effect of the cationic and anionic compounds, 

the length of the alkyl chain in the cations, and the number of the alkyl chains on their 

acute toxicity to plants, enzyme, fresh water snails, microorganisms, and fishes have been 

investigated by adding ionic liquids to water with small aqueous plants and animals.[12-

19] The toxicity increases as their hydrophobicity increases, due to a higher structural 

similarity to the lipid cell of microorganisms.[13, 20] Imidazolium based cations are less 

toxic than those of pyridinium, which are longer and have a higher number of alkyl side 

chains. The anion selection also affects the toxicity. For example, with 1-butylpyridinium 

or 1-butyl-3,5-dimethylpyridinium cationic compounds, N(CN2)2 anions are more toxic 

than bromide anions. In summary, decreasing the hydrophobicity of ionic liquids, 

designing shorter hydrophobic groups, or selecting hydrophilic cations and anions would 

help to have a less negative impact on the environment. 

On consideration of the use of ionic liquids for instance in the production of membranes 

by phase inversion, by solution casting and immersion in water, the possibility of 

recovering them would be important for environmental and economic reasons. Mai et al. 
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[21] reviewed various methods for ionic liquid recovery, as shown in Table A3.4. 

Distillation would be the simplest method to separate chemicals with low boiling 

temperatures from ionic liquids. The ionic liquid recovery by membrane technology has 

been reported,[22] using commercial reverse osmosis (RO), nanofiltration (NF),[23] 

pervaporation (PV) membranes, and electrodialysis (ED).[24]  

In addition to the low VOC, the main advantage of ionic liquids is their capacity to dissolve 

polymers that otherwise require quite aggressive solvents. An example of polymers in this 

category is cellulose. Cellulose fibers and films have been long produced by the 

modification to cellulose xanthogenate, following the viscose process with heavy metals 

and H2S as hazardous byproducts. The other options have been the cuprammonium 

process,[25] also relatively aggressive for the environment, and dissolution in 

methylmorpholine N-oxide.[26] More recently, ionic liquids have been introduced as a 

solvent for cellulose. Since then, the potential of using nature cellulosic polymers has 

increased,[27-32] and processes such as the biofuel production with the deconstruction 

of lignocellulosic biomass has become more efficient.[33-35]  

The use of ionic liquids for the dissolution of other polymers and membrane manufacture 

is still in an early stage. Table 3.2 summarizes recent examples of polymer dissolution and 

membrane fabrication reported by our group and others. These results demonstrate that 

the advantages of ionic liquids as solvents transcend the environmental aspects and the 

capability of dissolution of highly insoluble systems. The membranes prepared with ionic 

liquids have a differentiated spongelike morphology, and the performance in many cases 

overcomes that of those prepared with organic solvents. 
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The preparation of cellulose membranes using ionic liquids was first reported by Li et 

al.[36] They used 1-allyl-3-methylimidazolium chloride. We first reported the preparation 

of flat-sheet cellulose membranes from solutions in 1-ethyl-3-methyl imidazolium acetate 

([EMIM]OAc).[37] More recently cellulose membranes prepared with the same ionic 

liquid have been tested for organic solvent nanofiltration.[38] We demonstrated that the 

use of ionic liquids facilitates the dispersion of graphene oxide in polymeric 

membranes.[39] More recently cellulose/graphene membranes have been prepared 

from solutions in ionic liquids.[40] A cellulose solution in [EMIM]OAc was also used to 

modify electrospun fibers of polyvinylidene fluoride-co-hexafluoropropylene, enhancing 

the hydrophilicity and enabling the application for oil–water separation.[41]  

We report here the evaluation of flat-sheet cellulose membranes prepared by phase 

inversion, using casting solutions in ionic liquids, for application in oil–water separation. 

We prepare for the first time cellulose hollow fiber membranes from doped solutions in 

[EMIM]OAc. 

 

Table 3.2. Summary of polymer dissolution in ionic lquids and membrane performance. 

Polymer Solvent Solubility (wt%) 
(temp (°C)) 

Membrane structure, 
permeance (L m-2 h-1 bar -
1)/MWCO (kg mol-1), a 

Reference 

Polyacrilonitrile 
(PAN) 

[EMIM][Ac]/DMSO >12 (25) Fingerlike, 540 ± 30 
(HF)/54, a 

[42] 

 [EMIM][Ac] None (25) N/A, a  

Poly(ether sulfone) 
(PES) 

[EMIM][DEP] >18 (90) Spongelike, 
55±5(FS)/5.1,45.8(HF)/1.4, 
a 

[39, 43, 44] 

 [MMM][DMP] None (90) N/A [44] 

Polysulfone (PSf) [EMIM][DEP] None (90) N/A  

 [MMM][DMP] None (90) N/A  



 
 

 

138 

 

Poly(ether imide 
sulfone) (EXTEM, XH 
1005) 

[EMIM][SCN] >24 (90) Spongelike, 90±10 
(FS)/5.3, b 

[45] 

 [BMIM][SCN] >24 (90) N/A (too brittle), b   

 [EMIM][Ac] >24 (90) N/A (too brittle), b  

EXTEM (XH 1015) [EMIM][Ac] None (120)  [46] 

Cellulose acetate 
(CA) 

[EMIM][Ac] >12 (60) Spongelike, 130 (FS)/77, a [47] 

 Ac/[EMIM][Ac] >28 (60) Spongelike, 330 (FS)/74, a  

 [EMIM][SCN] >12 (50) Spongelike, 90 (HF)/ mean 
pore size 17.5 nm, a 

[48] 

 [BMIM][SCN] >12 (50) Spongelike, 
114,14(FS)/mean pore 
size 39.16 nm, c 

[49] 

Cellulose [EMIM][Ac] >13.5 Composite material, 13.8 
(FS)/3 

[37, 50] 

 Ionic liquids Various  [27, 28, 31, 51-
54] 

Chitin Ionic liquids various  [31, 51] 

Natural polymers, e Ionic liquids various  [55, 56] 

Polystyrene-b-
poly(4-vinylpyridine) 
(PS-b-PV4P) 

THF/DMF 
[B4MPy][BF4], 
[B3MPy][TFM], 
[EMIM][BF4], 
[B3MIM][BF4, 
[IM][TFSI], 
[HMIM][HSO4] 

>18 spherical and hexagonal 
pores ([B4MPy]BF4, 
[B3MPy]TFMS, [EMIM]BF4, 
[B3MIM]BF4), lamella 
([IM]TFSI and 
[HMIM]HSO4), 1300, 
1600, 1120, 1800, 450, 
and 550 (FS), 
respectively/N/A 
 

[57] 

Polybenzimidazole 
(PBI) 

[BMIM][Cl] >10 (140)  [58] 

 [BMIM[BF4] None (140)   

 [BMIM][OH] >8 (140)   

 [EMIM][Ac] >20 (120) Spongelike with finger 
voids, 141.3 (FS)/109, d 

[59] 

P84 + PBI [EMIM][Ac] >20 (120) Spongelike with finger 
voids, 216 (FS)/104, d 

[46] 

P84 co-polyimide [EMIM][Ac] >20 (120)   

Polyamideimide 
(Torlon, 4000T) 

[EMIM][Ac] >10 (120)   

Poly(ether imide) 
(ULTEM, 1010) 

[EMIM][Ac] None (120)   

Polyimide (Matrimid, 
5218) 

[EMIM][Ac] None (120)   

aConcentration of polymer 12 wt %. 
bConcentration of polymer 24 wt %. 
cConcentration of polymer 10 wt % 
dConcentration of polymer 20 wt %, hollow fiber (HF), and flat sheet (FS). 
eNatural polymers: wool keratin fibers, fibroin, sericin, etc. 
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Oily wastewater is one of the most abundant byproducts of the food, chemical, and 

petrochemical industries. For instance, for every barrel of recovered crude oil, 7–10 

barrels of oily wastewater are produced, requiring proper management for effective oil 

separation. Oil in water systems can be categorized according to the oil droplet sizes. 

Floated or dispersed oil droplets larger than 10 μm can be easily mechanically removed. 

Water with oil droplets smaller than 10 μm are classified as oil in water (O/W) emulsions. 

Emulsified oil is difficult to remove by using common techniques such as physical, 

chemical, and biological treatment. Conventional gravity separation techniques such as 

skimming, air flotation, coagulation, and flocculation methods are frequently used in the 

food industry but can be ineffective in the treatment of micrometer/sub-micrometer oil 

droplets dispersed in water. Methods of de-emulsification or chemical addition not only 

require additional energy input but could sometimes enhance the pollution of an already 

vulnerable environment.[60] Oleophilic adsorbents can be considered a nontoxic tool for 

removing large and small oil droplets. Their drawbacks are cost and the need for frequent 

regeneration. Hydrocyclones are frequently used to desand and deoil wastewater, 

combining centrifugal forces and gas flotation to separate water, oil, and gas. Membranes 

are under consideration as a powerful technology for oil–water separation due to the 

tailored pore sizes in a range between 0.01 and 10 μm.[61, 62] The biggest challenge for 

membranes in the oil and gas industry is fouling. With that in mind, we carefully 

investigated the fouling resistance of the cellulose membranes prepared here from 

solutions in ionic liquids under different conditions. 
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3.2. Materials and Methods 

3.2.1. Materials 

 

Avicel PH-101 microcrystalline cellulose (MW = 160000–560000 g mol–1) was purchased 

from Fluka Analytical, produced by Wacker Chemie AG, Burghausen, Germany. 

Hydrochloric acid (HCl, 36.5–38.0%) and sodium chloride (99%) were purchased from Alfa 

Aesar. Tetrahydrofuran (THF, 99.5%, for synthesis) was purchased from ROTH and used 

as received. Poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) of different 

molecular weights (0.2, 1.5, 3, 6, 10, 35, 100, 300, and 600 kg mol–1) were purchased from 

Sigma-Aldrich, produced by BASF. The asymmetric porous support based on polysulfone 

(PSU) was prepared by phase inversion using a continuously operating machine. Milli Q 

water (Millipore) with specific resistivity 18.2 MΩ cm at 26.1 °C was used for membrane 

preparation and testing. A crude oil sample was kindly provided by ARAMCO. The 

surfactants sodium dodecyl benzenesulfonate (CH3(CH2)11C6H4SO3Na; SDBS), 

hexadecyltrimethylammonium bromide (N(CH3)3Br; CTAB), and polysorbate 80 (Tween 

80) were purchased from Sigma Aldrich and used as received. 1-Ethyl-3-

methylimidazolium acetate ([EMIM]OAc) with purity equal to or higher than 95% was 

supplied by Sigma. 
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3.2.2. Flat-sheet cellulose membrane preparation 

 

Cellulose was dissolved in [EMIM]OAc, at 60 °C. The cellulose concentrations were 2 and 

5 wt %. The solutions were then cast at 23 °C, with a doctor blade adjusted to a 150 μm 

gap, on a porous polysulfone asymmetric support. After casting, the membranes were 

immersed in deionized water and dried in air. 

 

3.2.3. Hollow fiber membrane preparation 

 

The cellulose hollow fiber membranes were prepared by phase inversion in a spinning 

machine, following the conditions in Table 3.3. The cellulose was dried in a vacuum oven 

at 70 °C for 3 h to eliminate any residual moisture. A 12 wt % solution in [EMIM]OAc was 

stirred for 2 days at 85–90 °C and degassed before spinning. 

 

Table 3.3. Hollow fibers spinning conditions. 

Parameter Operating conditions 

Dimension of spinneret 0.9:0.6 

Dope composition  12 wt % cellulose 

Dope solution solvent [EMIM][Ac] 

External coagulant Tap water 

Bore fluid DI water 
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Bore fluid flow rate (mL/min) 4 

Air gap (cm) 20 

Dope solution temperature (°C) 90 

Spinneret Temperature (°C) 90 

External coagulant temperature (°C) 25 

Spinning pressure (bar) 3 

 

3.2.4. Characterization of the hollow fibers 

 

All permeation tests were carried out in a crossflow mode. A transmembrane pressure of 

0.2 bar was applied, and the feed solution was introduced into the lumen of the hollow 

fiber so that the permeate radially flows from the inner to the outer side of the 

membrane. The feed solution volume was 200 mL; 5 mL of permeate was first flown 

before collecting samples for the qualitative analysis. Poly(ethylene glycol) (PEG) 

solutions were prepared with a total concentration of 1g/L, containing a mixture of PEG 

400 (3k, 10k, and 35 kg/mol). Separate tests were performed with single PEG 3 kg/mol 

solutions after the screening with the PEG mixture. Gel chromatography was used to 

measure the relative concentrations. The rejection was calculated by the equation (R (%) 

= 100(1 – Cp/Cf)). Cytochrome c, bovine albumin (BSA), and gamma globulin (IgG) were 

used as additional solutes for rejection characterization. To evaluate the rejection of the 

biomolecules, a Nanodrop UV–visible absorption analyzer was used. In the case of BSA 

and IgG the absorption peak was set at 280 nm, while for cytochrome c it was set at 409 
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nm. The feed contained 100 ppm of IgG, BSA, or cytochrome c prepared in phosphate 

buffered saline solution (PBS). 

 

3.2.5. Preparation of oil in water emulsion 

 

Crude oil/water emulsions of 200, 500, and 1000 ppm oil concentrations were prepared 

by mixing the oil with 80 g/L of sodium chloride, one of three different surfactants, anionic 

(SDBS), cationic (CTAB), or neutral (Tween 80), and 1 L of Milli Q water in a blender. Mixing 

at 20000 rpm was repeated until a homogeneous emulsion was obtained. The surfactants 

were added in a 1:10 ratio (surfactant:oil). 

 

 

 

3.2.6. Characterization of flat sheet cellulose membranes for oil-water separation 

 

For the oil–water separation experiment, we used a dead-end filtration setup. 

Membranes (14.6 cm active area) were placed in a stainless-steel cell and connected to a 

nitrogen gas cylinder. The transmembrane pressure was 5 bar for all experiments, unless 

otherwise stated. The permeate was collected and immediately analyzed. The stainless-

steel cells were provided with an internal stirrer, allowing a continuous solution mixing at 

300 rpm during all experiments. 
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3.2.7. Fouling during oil-water filtration 

 

The oil rejection and the fouling resistance of the cellulose membrane operating with the 

oil in water emulsion were measured in the following way. First, the permeance of pure 

water was measured. Second, the filtration of the oil in water emulsion was conducted. 

The difference in permeance between the pure water and the emulsion indicates the 

fouling rate. The stainless-steel cell was filled with 300 mL of oil in water emulsion, a 

minimum of 100 mL of permeant was collected, and the remaining emulsion in the cell 

was analyzed as retentate. Without removal of the membrane, the cell was rinsed with 

water and refilled with pure water and the permeance was measured again in order to 

obtain the recovery ratio. Finally, the oil in water emulsion permeance was measured as 

a function of time, to evaluate the flux decline trend. For further fouling confirmation, the 

membranes were taken out of the cell, rinsed with water, and visually examined. 

Experiments were conducted with control membranes, without cellulose coating, and 

with the cellulose composite membranes. The feed, permeate, and retentate were 

analyzed immediately after finalizing the experiment. The experiments were conducted 

with three different surfactants at three different pH values of neutral, acidic, and basic, 

respectively, using membranes prepared from 2 and 5 wt % cellulose casting solutions in 

the ionic liquid. The pH adjustment for pH 4 and 11 for the oil in water emulsions was 

done with 1 M HCl and 0.1 M NaOH. The adjustment was performed using a Fisher 

Scientific Accumet AB150 pH meter. 
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3.2.8. Turbidity 

 

The turbidity was measured using a 2100Q HACH portable turbidimeter that measures 

turbidity (in NTU units) of produced water feeds and permeates. The device is compliant 

with the USEPA Method 180.1. 

 

3.2.9. Oil in water analysis 

 

The oil concentration (ppm) in the feed and permeate was determined by 

spectrophotometry and gravimetry. The spectrophotometric analysis was mainly 

performed using a HD 1000 analyzer, on the basis of fluorescence measurement. The 

calibration of the instrument with the crude oil used in the experiments was done before 

the experiment, by preparing five different concentrations and blank. An 80–100 mL 

portion of the emulsion was poured into the stainless-steel nontransparent cell, the probe 

was immersed, and the cell was closed. The measurement was repeated at least three 

times. The cell and the probe were thoroughly washed with DI water and ethanol 

between measurements to remove any oil residue. For the experiments performed with 

hollow fiber membranes the oil contents in the feed, retentate, and permeate were 

quantified by UV–visible spectrometry (NanoDrop 2000, Thermo Fisher Scientific). The 

gravimetric measurements were performed, by applying the total oil and grease method. 

Briefly, 80 mL of the emulsion was placed in the flask, followed by addition of HCl and 8 

mL of tetrachloroethylene (tetrachloroethylene and emulsion added in a 1:10 ratio). 
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Afterward, the mixture was stirred, and the flask was left still until complete separation 

into two phases (water and oil) occurred. The oil phase was collected in a quartz cuvette, 

and the concentration was measured in the spectrophotometer. The cuvette and flask 

were rinsed with tetrachloroethylene before the experiments to avoid any oil residue. 

 

3.2.10. Streaming potential 

 

ζ potential and the emulsion droplet size were measured using a Malvern Zetasizer Nano 

ZS, on the basis of dynamic and static light scattering and electrophoresis. A 0.5 mm2 

membrane sample was analyzed, varying the pH from 3 to 11, each measurement taking 

30 min. The pH was adjusted. In addition to the streaming potential of the membranes, 

the ζ potential of the emulsion droplets was measured with the same instrument, using a 

disposable folded capillary cell. The experiment had 3 runs each repeatws 100 times, and 

the average was then calculated. The particle size was measured using disposable 12 mm2 

polystyrene cuvettes. 
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3.3. Results and discussion 

3.3.1. Membrane formation 

 

Two membrane configurations were investigated in this work: flat sheet and hollow fiber. 

The flat-sheet membrane was constituted by multilayers. An asymmetric porous 

polysulfone (PSU) membrane was prepared by nonsolvent (water)-induced phase 

separation. A PSU solution was cast on a polyester membrane and the membrane 

immersed in water, following a procedure commonly used in industry. The porous dry 

support was then dip-coated using 2 and 5 wt % cellulose solutions in the ionic liquid 

[EMIM]OAc. The multilayered membranes were immersed in water to extract the ionic 

liquid. The formed cellulose layer is a thin, dense, and selective coating with thicknesses 

of 0.4 and 0.9 μm, respectively, on the porous PSU membrane support. The support gives 

mechanical stability to the membrane. 

Flat-sheet membranes are used in many large-scale applications as spiral-wound or 

envelope-type modules. Hollow fiber membranes have the advantage of large surface 

area to volume ratios and the possibility of packing in even more compact systems. 

Therefore, we considered it relevant to demonstrate that the cellulose/ionic liquid 

membranes could be manufactured as hollow fibers as well. The hollow fiber membranes 

prepared here, as discussed later, were self-standing and fully constituted by cellulose. 

For the manufacture, a much higher cellulose concentration (12 wt %) should be used, 

which provides an adequate viscosity required for the formation of a robust fiber. 
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3.3.2. Oil-water emulsion properties 

 

Oily wastewater is produced in large scale as a byproduct of the petrochemical industry 

and refineries, as well as other sectors such as the food industry. Membrane technology 

can be one of the solutions for this separation task. Fouling is, however, an important 

limitation. Cellulose membranes prepared from solutions in [EMIM]OAc were evaluated 

using a simulated feed constituted by an emulsion of crude oil, water, and three 

surfactants, added to reduce the droplets to sizes below 10 μm. The chosen surfactants 

were the anionic sodium dodecylbenzylsulfonate (SDBS), the cationic 

hexadecyltrimethylammonium bromide (CTAB), and the neutral polysorbate 80 (Tween 

80). The head of the anionic surfactant is a benzenesulfonate group. The head of the 

cationic surfactant is a quaternary ammonium group, and the neutral surfactant does not 

have a charged group. The droplet analysis revealed that the oil in water emulsion 

stabilized by the anionic surfactant has a size in the range of 0.7–2.4 μm, while those 

stabilized by cationic and nonionic surfactants have sizes in the range of 200–300 and 200 

nm, respectively, as shown in Table 3.4 at pH 4, 8, and 11. Table 3.4 also gives the ζ 

potential for each droplet system. 

The larger droplet sizes, detected with the anionic surfactant, reflect higher interface 

tension and a less stable emulsion in comparison to the other two surfactants. Oil–water 

emulsions containing anionic surfactant were indeed the least stable ones, having oil 

visually separated from water within 3 days of preparation. Emulsions containing cationic 
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surfactant were stable for 7 days, while emulsions containing nonionic surfactant were 

stable for several weeks. 

 

Table 3.4. Size and ζ potential of 200 ppm oil in water emulsion droplets, stabilized with 

different surfactants. 

 

CTAB 

 

SDBS 

 

Tween 

 pH 4 pH 8 pH 11 

SDBS    

Droplet size/nm 2425 ± 759 1619 ± 136 759 ± 136 

ζ potential/mV –34 ± 9 –36 ± 4 –62 ± 2 

CTAB    

Droplet size/nm 218 ± 6 315 ± 72 231 ± 12 

ζ potential/mV 12.1 ± 0.3 –2 ± 1 –12 ± 4 

Tween    

Droplet size/nm 210 ± 3 227 ± 11 214 ± 5 
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ζ potential/mV –4.3 ± 0.2 –4.7 ± 0.6 –2 ± 1 

 

 

3.3.3. Charge effect on the cellulose membrane performance 

 

The flat-sheet cellulose membranes were tested with emulsions at three pH values. The 

change of pH affects the membrane surface charge, as reflected by the ζ potential, and 

the emulsion itself. The membrane functional groups might protonate and deprotonate 

over the pH range, and so will the surfactant molecules in the emulsion, leading to 

different charge density values. The charge of the membrane and charge of the ions in 

the solution will cause either electrostatic repulsion or attraction, which will directly 

affect the performance of the membrane. The ζ potential of a membrane prepared by 

casting a 2 wt % cellulose solution in [EMIM]OAc on a PSU porous support is shown in 

Figure 3.1a. Figure 3.1c depicts the ions and counterions close to the membrane surface, 

forming the Stern layer of strongly bonded ions and the layer corresponding to the ζ 

potential measurement. At pH above 4.2 the membrane ζ potential is negative. Since this 

is a surface property, it should be independent of the cellulose layer thickness, and similar 

values are expected for membranes prepared with 5 wt % cellulose solutions. 
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Figure 3.1. (a) ζ potential of a membrane prepared by casting a 2 wt % cellulose solution 

in [EMIM]OAc on a porous PSU support, as a function of pH. (b) ζ potential of oil droplets 

in an oil (200 ppm) in water emulsion containing 20 ppm of surfactants (SDBS, CTAB or 

Tween). Schemes illustrating the ζ potential of the (c) membrane and (d) oil droplets in 

the oil in water emulsion containing CTAB at pH <8. 

 

 

The presence of different surfactants stabilizes the oil in water emulsion and also affects 

the charge of the oil droplets in different pH values, as depicted in Figure 3.1d. The ζ 

potential of oil droplets in emulsions stabilized by Tween is practically neutral, while the 
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ζ potential of those stabilized by SDBS is negative in the whole investigated pH range. In 

the case of CTAB, the droplets acquire a positive charge at pH below around 7.5. 

Oil in water emulsions with 200, 500, and 1000 ppm of oil at pH values 4, 8, and 11 and 

20 ppm of different surfactants were filtered through the cellulose membranes. 

Representative results are shown in Figure 3.2 for membranes obtained with 5 wt % 

cellulose solutions. At this pH, the membrane and oil droplets are negatively charged or 

neutral in the case of those stabilized by Tween. The highest permeances were obtained 

with SDBS, which leads to oil droplets with the most negative ζ potential. As can be seen 

from the permeate image in Figure 3.2d, a practically complete oil rejection is obtained, 

and only water permeates through the highly hydrophilic membrane. The quantification 

of the oil rejection is shown in Table 3.5. A permeate turbidity below 1 NTU is within the 

obligatory laws and restrictions of European standards and the US Environmental 

Protection Agency. 
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Figure 3.2. Permeance through membranes prepared with 5 wt % cellulose solution, as a 

function of time, using as feed oil in water emulsions with 200, 500, and 1000 ppm of oil 

and 20–100 ppm (ratio 1:10 surfactant to oil) of different surfactants: (a) SDBS, (b) CT AB, 

and (c) Tween at pH 8. (d) Photograph of the 1000 ppm feed and corresponding retentate 

and permeate. 

 
Table 3.5. Filtration Experiments Using Emulsions with Different Oil Contents. a. 

Oil concentration (ppm) 

Feed (niminal) Feed Retentate Permeante Permeate 

turbidity (NTU) 

200 204 ± 6 150 ± 5 nondetectable 0.3 ± 0.1 

500 412 ± 104 397 ± 12 nondetectable 0.1 ± 0.0 
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1000  

953 ± 113  
 

 

917 ± 97  
 

nondetectable 0.1 ± 0.0 

aThe SDBS concentration was kept 1:10 surfactant to oil at pH 8. The flat-sheet 

membranes were prepared with 2 wt % cellulose solutions. 

The filtration at pH 11 showed a similar trend. The results at pH 4 are slightly different, as 

shown in Figure 3.3. At this pH, the membrane ζ potential is slightly positive and 

apparently the filtration of emulsions with CTAB is characterized by clearly higher 

permeance. This is due to the repulsion of the positively charged oil droplets by the now 

also positively charged membrane surface, which leads to lower fouling. This is 

particularly visible in the case of emulsions with low oil content. At high concentration, 

the effect of charge is not enough to minimize the permeance decrease with time. 

 
Figure 3.3. Permeance through membranes prepared with 5 wt % cellulose solution, as a 

function of time, using as feed oil in water emulsions with 200, 500, and 1000 ppm of oil 
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and 20–100 ppm (1:10 surfactant to oil) of different surfactants: (a) SDBS, (b) CTAB, and 

(c) Tween at pH 4. 

 

3.3.4. Fouling 

 

The flux decline observed in Figure 3.3 can be caused by fouling, concentration 

polarization, and a membrane mechanical compaction under pressure in the dead-end 

cell. A complete flux recovery would only be possible without any contribution of a 

mechanical compaction. Figure 3.4 compares experiments performed with an uncoated 

porous PSU membrane and those with a cellulose layer (0.4 μm thickness for 2 wt % and 

0.9 μm for 5 wt % cellulose), regarding fouling and recovery of water permeance, after 

washing the membrane with pure water. Although PSU had higher initial water 

permeance, after the oil in water emulsion was filtered, the water permeance recovery 

was almost zero. This leads to the conclusion that the PSU surface was irreversibly fouled 

by the oil droplets. The membrane with the thinnest cellulose coating (0.4 μm), obtained 

with 2 wt % cellulose solution, had a pure water permeance of 150 L m2– h–1 bar–1, which 

is about 60% of the value for the uncoated PSU membrane. When the oil in water 

emulsion was the feed, the permeance of the cellulose-coated membrane was much 

higher than for the uncoated PSU and the recovered water flux was around 90 L m2– h–1 

bar–1. The membrane coated with 5 wt % cellulose (larger thickness, around 0.9 μm) had 

a lower initial water permeance, in comparison to PSU and the membrane coated with 2 

wt % cellulose solution, but its permeance using the emulsion as feed was similar to that 
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for the uncoated PSU membrane and the water flux recovery was more than 90%. The 

filtration of emulsions containing CTAB and Tween showed similar behavior. 

 

 
Figure 3.4. (a) Pure water permeance, permeance using the oil in water emulsion (200 

ppm of oil and 20 ppm of SDBS) as simulated produced water, and recovered water 

permeance, after the membrane was cleaned only by washing with water, for flat-sheet 

(a) PSU and membranes prepared from (b) 5 wt % and (c) 2 wt % cellulose solutions and 

for (d) the hollow fiber membrane. Experiments were performed at pH 8. 
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3.3.5. Cellulose hollow fiber membranes 

 

Cellulose hollow fibers were successfully prepared using a 12 wt % doped solution in 

[EMIM]OAc. The microscopic images in Figure 3.5 show the membrane morphology. Well 

formed hollow fibers were obtained. For the flat-sheet cellulose layers, pores could not 

be detected by SEM microscopy, indicating that the hollow fiber membrane is relatively 

dense and the transport mechanism could be, at least in part, based on solution diffusion. 

Only some structuration was observed in the cross section of the membrane. Cellulose is 

highly hydrophilic. As in the case of flat-sheet membranes, the transport of water is highly 

promoted. A pure water permeance of 50 L m–2 h–1 bar–1 was measured in a cross-flow 

setup, operated with a transmembrane pressure of 0.2 bar with the feed flowing in the 

lumen of the fiber. This is a high permeation value, if we take into consideration that the 

membrane is nonporous, has a thickness larger than 100 μm, and is therefore much larger 

than that of the selective cellulose layers of the flat-sheet membranes tested here. 

Experiments were performed with the cellulose hollow fiber membranes for the filtration 

of oil in water emulsions containing 200 ppm of crude oil and 20 ppm of SDBS in a cross-

flow setup (Figure 3.4d). The oil rejection was higher than 95%. The measured permeance 

was 25 L m–2 h–1 bar–1, confirming the excellent performance recorded for the flat-sheet 

membranes. The high oil rejection is mainly due to the preferential transport of water 

due to its affinity to the hydrophilic cellulose. Charge repulsion can play an additional role, 

as discussed for the flat-sheet membranes. In addition to water and oil in water emulsion, 

the hollow fiber membranes were tested with aqueous solutions of a series of hydrophilic 
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solutes, poly(ethylene glycol) (PEG) and proteins, to get a more comprehensive 

characterization and estimation of the membrane selectivity. The rejections of neutral 

but highly hydrophilic molecules, such as PEG with different molecular weights, were 4% 

of PEG 400 g/mol, 14% of PEG 3 kg/mol, 63% of PEG 10 kg/mol, and 99% of PEG 35 kg/mol. 

The larger PEG molecules have a more restricted diffusion through the membrane, even 

though their affinity to cellulose is still high. The membrane rejected 20% of cytochrome 

c (molecular weight 12 kg/mol, isoelectric point 9.6), 66% of BSA (molecular weight 66 

kg/mol, isoelectric point 5.4), and 91% of bovine IgG (molecular weight 150 kg/mol, 

isoelectric point 7.2) at neutral pH. The ζ potential of cellulose above pH 4.2 is negative. 

Charge is probably not the main factor controlling the rejection of the proteins by the 

cellulose membrane. The high IgG rejection is governed by size. The relatively low 

rejection of BSA, in comparison with PEG 35 kg/mol, is probably due to a higher affinity 

to the cellulose. 
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Figure 3.5. (a) Scheme of a hollow fiber lab-scale spinning system and (b) scanning 

electron microscopy image of the fiber cross section with different magnifications, as well 

as of the inner and outer surfaces. 

 

3.4. Conclusions 

 

Hydrophilic ionic liquids have been successfully used as greener solvents in comparison 

to aprotic solvents such as DMF, DMAc, and NMP. Here we demonstrate the performance 

of cellulose membranes prepared from solutions in ionic liquid for oil–water separation 

under different conditions. The membranes are highly selective, allowing practically the 

complete removal of crude oil from oil in water emulsions. The membranes were 

subjected to several filtration tests, investigating the influences of the oil concentration, 

pH range, and addition of surfactants. By varying the pH, the charges of the emulsion 

droplets and the membrane change, and the fouling can be minimized. Emulsions with 

the negatively charged SDBS had the least flux decline and the highest permeance. The 
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thinnest cellulose coating (2 wt % cellulose) provided high permeance and high flux 

recovery, in comparison to the control polysulfone membrane. Finally, the preparation of 

cellulose hollow fibers has been demonstrated for the first time using doped solutions in 

[EMIM]OAc. 
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CHAPTER 4 

Highly adsorbing functionalized ultrafiltration cellulose hollow fibers for ion-exchange 

chromatography 

This chapter was carried out in collaboration with Professor Cristiana Boi of the University 

of Bologna.  

The author designed the hollow fibers manufacture strategies at different temperature 

of dope and bore fluid as well as chemical functionalization routes. Additionally, the 

author also designed and realized the dead-end filtration system used for the hollow fiber 

performances characterization. The author carried out the Langmuir and sorption 

efficiency tests.  

The visiting master student Andrea Borghi focused on the experimental section such as 

adsorption/desorption analysis, ternary diagram, flat-sheet and hollow fibers 

performances tests which were duplicated by the author. 
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Abstract 

 

Ion-exchange chromatography is used for the purification of proteins in the 

pharmaceutical industry. Generally, ion-chromatography uses beads columns. Drawbacks 

are the low porosity and high hydrodynamic resistance. Alternative materials with better 

performances are needed to replace chromatographic resins. We report the synthesis of 

ultrafiltration cellulose hollow fibers for ion-exchange chromatography via an 

environmentally friendly process, followed by one-step functionalization. The hollow 

fibers were obtained by polymer dissolution in [EMIM][DEP] and coagulation in water at 

different temperatures and cellulose concentrations to optimize the pore size formation 

and promote a low hydrodynamic resistance. The higher porosity percentage value was 

obtained with hollow fibers prepared using 10 wt% of dope solution and coagulated at 70 

°C. We introduced sulfonic groups as ion-exchangers, by reacting the cellulose hollow 

fibers with 1,4-butanesultone in presence of sodium hydroxide. The ion-exchange 

performance was investigated using lysozyme. The lysozyme adsorption was 246 mg/mL 

and the desorption was greater than 99%, indicating that the modified cellulose hollow 

fibers can be a platform material for chromatography applications. 

 

4.1. Introduction 

 

Biopharmaceuticals mainly consist of macromolecules and complex drugs generally 

derived from proteins and living organisms. Their benefits for the human health justifies 

a market of  tremendous growth expected to reach 285$ billions by 2023[1]. 
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The industrial biopharmaceutical processes may be divided in upstream and downstream 

sections, which are dedicated to the production and separation, respectively. The 

downstream sector has the difficult task to keep up with the advanced engineering 

progress of the upstream [2]. Consequently, it has become the bottleneck of the overall 

production. Moreover, the downstream accounts for up to 70-80% of the final product 

cost [3-5]. The large cost of the separation is due to the high number of operations, the 

large volume and the slow pace of the process. 

The unit operation used to purify the bioproducts is chromatography, generally 

constituted by a bed column [6-8]. As mentioned, to achieve the degree of purity for the 

commercialization, multiple stages are required. The specificity and selectivity of each 

step are based on a different type of interactions such as electrostatic, hydrophobic, 

affinity, and ion-exchange [9, 10]. They are based on different principles of interaction 

with target molecules, but maintain the same principle of operation. The column 

generally consists of a bed of resins beads tightly arranged and, is referred as the static 

phase. While the mobile phase is the stream that needs to be purified. The mobile phase 

flows through the packed bed and, the target molecules diffusing within the beads are 

retained by specific interactions. Therein, chromatography columns allow obtaining 

highly pure products. On the other hand, such a purification process has several 

limitations.  

The characteristic diffusion mechanism is responsible for the low regime and flow rate. 

Accelerating the process would result in a decrease in the accuracy of the overall process 

[11]. Moreover, to compensate for the low binding capacity, high residency times are 
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needed. Another drawback is related to the pressure drop along the column, which tends 

to escalate during the process [4, 12-15]. Additionally, the scale-up of chromatography 

columns is not straightforward and depends on many parameters. 

To overcome the above-mentioned limitations, new processes have been investigated. 

Membrane technology offers a wide variety of options and advantages such as convective 

transport through pores, high flow rates, wide material selection and easy process scale-

up [12, 16]. Membranes involved in chromatographic separations require large pore size, 

homogeneous ligand distribution and preferably hydrophilic character to prevent the 

non-specific interactions [16-18]. To ensure the high specificity between the membrane 

and the target molecule, specific ligands need to be chemically bound to the membrane. 

A common membrane modification for chromatographic ion-exchange application is the 

graft polymerization [6, 9, 19-21]. Although, this technique allows high degree of 

substitution, it requires multiple-steps reactions which makes it less appealing for large-

scale industrial application. Thus, single step membrane modification is preferred.  

Among many materials tested for ion-exchange protein separation, cellulose stands out 

for its intrinsic characteristics. Cellulose is the most abundant biopolymer available 

produced during the plant growth and bacterial metabolism. Its high availability of free 

hydroxyl groups ensures the hydrophilicity as well as easy modification for the ligand 

binding [22-26]. Moreover, when in contact with aqueous solutions the glass transition 

temperature of cellulose decreases below room temperature, allowing the high flexibility 

of the polymeric chains [27-29]. Membranes based on cellulose have been long 

considered for biotechnological separations [12, 30, 31]. The preparation has been mainly 
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by processing cellulose derivatives, followed by regeneration, or by solution processes 

using relatively aggressive solvents. More recently, the solubilization of cellulose in ionic 

liquids has open greener perspectives of membrane fabrication for application in aqueous 

and organic solvent medium [27, 32, 33]. 

In this work, our aim is the application in biotechnology, particularly the separation of 

proteins by ion-exchange chromatography. Required are highly porous membranes with 

high selective adsorption of proteins.  We report the preparation of cellulose hollow fibers 

by non solvent phase separation (NIPS) from dope solutions in ionic liquids. To reach the 

suitable porosity the coagulation was investigated at different temperatures. Thereafter, 

to provide high ion-exchange capability, a sulfonic acid ligand was attached to the 

cellulose fibers via a single-step modification.  

 

4.2. Characterization  

4.2.1. Materials and methods 

 

Cellulose Avicel PH-101, 1-ethyl-3-methyimidazolium diethyl phosphate ([EMIM][DEP]), 

poly ethylene glycol (PEG) (400, 3000 10000, 35000 g/mol), lysozyme, bovine serum 

albumin (BSA), sodium hydroxide, trisma base (Tris), 1,4-butane sultone (1,4-BS), were 

purchased from Sigma-Aldrich and used without further purification. 
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4.2.2. Dope solutions viscosity measurements 

 

Cellulose solutions with concentrations of 5, 8, 10 and 12 wt% were investigated on a AR 

1500ex rheometer using a cone fixture with 2 mm diameter and 1°cone angle. The 

solutions and rheometer were heated at temperature of 90 °C to avoid gelation. The 

measurement were perfoemed with a shear rate of 1 s-1 and 2 °C/minute cooling rate. 

 

4.2.3. Flat sheet membrane casting 

 

Cellulose was dried at 60 C overnight to remove the possible humidity present in the 

powder. 

The polymeric solutions were prepared at different weight fractions as reported in Table 

S4.1, at 60 C and 200 rpm for few hours and left degassing overnight. Additionally, the 

polymeric solutions were kept in the oven prior casting together with the glass plate and 

casting knife previously set with a blade gap of 200 m. The newly cast membrane was 

immediately immersed in the water bath at 25 C and 70 C, respectively, for polymeric 

coagulation, and kept washing for about 24 hours in distilled water. The membrane 

preparation conditions are listed in Table S4.1. 
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4.2.4. Hollow fiber spinning 

 

The cellulose hollow fibers were prepared with similar procedure as previously reported 

by our group [27, 32]. The detailed spinning conditions are shown in Table 4.1. In order 

to ensure the fiber coagulation at high temperature, the coagulant was kept at fixed 

temperature with a heating plate. After the spinning, the membranes were washed for 

24 hours in DI water and stored at 4oC. 

Table 4.1 Spinning conditions for cellulose hollow fiber preparation. 

Dope solution concentration  

(wt %) 

10 12 

Spinning temperature (C) 67 82 

External and external coagulant DI water DI water 

External and internal coagulant 

temperature (C) 

25 70 25 70 

Bore fluid flow rate (mL/min) 4 4 

Air gap (cm) 1 1 

Spinning pressure (bar) 6 6 

 

4.2.5. Hollow fiber functionalization 

 

For the hollow fiber modification, a procedure analogous to that previously applied for 

the sulfonation of hydroxyl-polytriazole was used [34]. The wet hollow fibers were 

immersed in capped round bottle containing aqueous solution of 5 wt% of 1,4-BS and 

reacted at 70C for 3 and 6 h in the presence of 3 and 1.5 wt% sodium hydroxide, 
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respectively. The solution was shaken every 30 minutes. The membranes were gently 

washed with water for several times to remove the excess of reagents. Finally, the 

modified hollow fibers were stored at 4C. 

 

 

4.2.6. Cryo Scanning Electron Microscopy (Cryo-SEM) 

 

The morphology of the cellulose hollow fibers was characterized by cryo-SEM, using a 

procedure previously described for other hollow fibers. The samples were imaged on a 

Nova Nano 630 FEI microscope. A liquid nitrogen cryogenic system in the microscope 

permits analyzing the samples at −115 °C, at a voltage of 5 kV and 5 mm working distance. 

Previous to the imaging, the samples were frozen in liquid nitrogen and fractured at 

−170 °C. The in situ fractured sample was sublimated at −90 °C and coated with platinum 

in the cryogenic chamber. 

 

4.2.7. Flat sheet and hollow fibers performance 

 

In order to assess the membrane performances, rejection and permeance tests were 

carried out for flat sheet and hollow fibers in dead-end filtration cells. Flat sheet 

membranes were fixed in a stainless-steel cell with an active area of 1 cm2 and filled with 

the feed solution. Hollow fiber modules with active area of at least 3 cm2 were instead 
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connected to a reservoir containing the feed aqueous solution. In both configurations, 

the applied pressure was equal to 1 bar. 

The permeance was calculated by measuring the amount of permeate at fixed time 

intervals per unit of pressure and area as reported in Equation 4.1: 

 

   𝑃 =
𝑄

𝐴  ∆𝑃
      

 (4.1)    

While the rejection was evaluated with the Equation 4.2: 

 

𝑅(%) = [1 − 
𝐶𝑃

𝐶𝐹
] ∗ 100    

 (4.2) 

 

Where Cp and Cf are the concentrations of the permeate and feed respectively. 

The concentrations were measures with NanoDrop 2000c at specific wavelengths and 

with gel permeation chromatographic column. 

 

4.2.8. Adsorption and desorption tests 

 

The hollow fibers static binding capacity was measured in batch systems, monitoring the 

concentration change until the equilibrium was reached. Modified membranes with a 

total length of 5 cm (average weight of 6.4 and 6.3 mg for 12 and 10 wt. % respectively) 

were immersed in 5 mL aqueous solutions of 50 mM of Tris buffer and pH 8 and 
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concentrations ranging from 0.125 to 8 g/L. The concentration of lysozyme in solution 

was measured on a NanoDrop 2000c UV-Vis spectrometer.   

The binding capacity was calculated per membrane unit of volume according to Equation 

4.3: 

 

𝑞′𝑎𝑑𝑠 =  
𝑚𝑎𝑑𝑠

𝑉
       

 (4.3) 

 

where mads is the mass of adsorbed lysozyme (mg) and V is the hollow fiber total active 

volume (mL). The volume was estimated by measuring the fiber internal and external 

diameters by cryo-SEM. 

For evaluating the maximum static binding capacity, a Langmuir model[35] was used. At 

the equilibrium, the adsorption and desorption rates are equal, and the following 

equation 4.4 is valid:   

 

𝑞𝑒𝑞 =
𝐶𝑒𝑞 𝑞𝑚𝑎𝑥

𝐶𝑒𝑞+ 𝐾𝑑
      (4.4) 

  

where qeq and ceq are the equilibrium capacity and concentration, respectively; qmax is the 

maximum static binding capacity and Kd is the dissociation constant, which is the inverse 

of the adsorption equilibrium constant, Ka. After the adsorption step, the protein elution 

was evaluated. For its quantification, the membranes were immersed in a total 5 mL 

solution of 50 mM tris buffer (pH 8) and 2 M of NaCl in a static system until no changes in 
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lysozyme concentration were recorded. Similarly, to the adsorption test, the protein 

concentration was estimated using UV-Vis absorption on a NanoDrop 2000c 

spectrometer. 

  

4.2.9. Sorption efficiency test 

 

The sorption efficiency test was carried in batch, similarly to the procedure for static 

binding capacity evaluation, by using Equation 4.5:     

 

𝑆 (%) =  
𝐶0− 𝐶𝑒

𝐶0
∗ 100     (4.5) 

 

where C0 and Ce represent initial and equilibrium concentrations, respectively. The 

concentrations were estimated by UV-Vis absorption measurements on a NanoDrop 

2000c. 

 

4.2.10. Ternary phase diagram 

 

The ternary diagram was obtained by cloud point measurement. Dried cellulose powder 

was mixed with a predefined amount of ionic liquid in septum capped vials. Cellulose 

solutions with concentrations of 2, 5, 8, 10, and 12 wt% were heated to 80 C. The 

solutions were further degassed overnight after complete homogeneous solubilization of 
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the polymeric solution. Water at 80 C was slowly added with aliquots of 0.1 mL with 

intervals of 8 hours until the observation of turbidity.   

 

4.2.11. Membrane morphological and chemical characterization 

 

The cross-section morphology of cellulose hollow fibers in the wet-state was investigated 

by cryo-Scanning Electron Microscopy on a Nova Nano 630 FEI microscope. The 

microscope was equipped with a liquid nitrogen chamber, and the samples were kept at 

a temperature of -115 C for sputter coating and imaging. Imaging was performed at 5 

mm working distance and a voltage of 5kV.  

The membranes porosity was measured by liquid intrusion technique (mass-density 

technique) [36]. This method relies on the mass difference between wet and dry samples. 

For the complete removal of water and humidity from the membranes, the samples were 

freeze-dried.  Finally, the effective porosity was calculated by Equation 4.6: 

 

휀 =

𝑚𝑤−𝑚𝑑
𝜌𝐻2𝑂

𝑚𝑤−𝑚𝑑
𝜌𝐻2𝑂

+
𝑚𝑑

𝜌𝑝𝑜𝑙

     

 (4.6) 

 

where 𝑚𝑤 and 𝑚𝑑 are the mass of the wet and dry sample respectively, 𝜌𝐻2𝑂 is the 

water density (= 1.0 g/cm3), 𝜌𝑝𝑜𝑙 is the polymer density (=1.5 g/cm3), and ε is the void 

fraction.  
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To confirm the chemical modification of the cellulose hollow fibers, Fourier Transmission 

Infrared Spectroscopy (FTIR) was used. The FTIR spectra were collected by recording 16 

scans with a resolution of 4 cm-1 at room temperature on a NicoletiS10. 

Elemental analysis was carried on samples with weight ranging from 1.5 to 2.5 mg, after 

drying in oven. The samples were further mixed in Tin capsules with about 10 mg of V2O5 

to analyze sulfur compounds. The analysis was carried in oxidant environment on Flash 

2000 organic elemental analyzer. 
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4.3. Results and discussion 

4.3.1. Cellulose hollow fiber preparation and optimization 

 

To overcome the classical drawbacks of resin beads for chromatography, such as low 

porosity and high hydrodynamic resistance, large, accessible, and interconnected pores 

are required. In this way, the target molecules can easily reach the active sites by 

convection. In addition, to optimize porous membranes the polymer/solvent/nonsolvent 

phase diagram in an important information.  

 

 

Figure 4.1. Cellulose/[EMIM][DEP]/water ternary phase diagram. 

 

Therefore, we initially measured the cloud points of the cellulose/[EMIM][DEP]/water 

system. In Figure 4.1, the green dots show the starting solution compositions before the 

water addition.  The red stars represent the cloud point reached with the addition of 

water at 80oC. Table A4.2 shows the Hansen solubility parameters of cellulose, 
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[EMIM][DEP], and water [37, 38]. Cellulose has very high capacity of hydrogen bond 

formation and a high polarity. It is semi-crystalling with high degree of crystallinity. 

Dissolving cellulose requires to disrupt the strong hydrogen bonds between chain 

segments, as well as overcome other hydrophobic-hydrophlic interactions [39-41]. 

Although water has polar and hydrogen bond Hansen solubility parameters close to those 

of cellulose, it does not dissolve it and acts as coagulant in the hollow fiber formation 

here. [EMIM][DEP] is a much better solvent. The dissolution of polymers using ionic 

liquids involves also electrostatic contributions that are not well integrated in the Hansen 

solubility parameter model [42]. We see that relatively high fraction of water can be 

accommodated before reaching the phase separation condition.  

To optimize the conditions to prepare the cellulose hollow fibers, we initially explored the 

formation of the flat-sheet membrane by using different starting cellulose concentrations 

and temperatures of the dope solution and coagulant for the phase inversion process. 

[EMIM][DEP] /cellulose solutions are highly viscous. By tuning the concentration and 

temperature, the best conditions for the fiber formation can be identified. Besides the 

high viscosity, since water is not a strong coagulant for cellulose due to the relatively high 

similarity of Hansen parameters, the phase separation is expected to be slow. Increasing 

the temperature of the dope solution and coagulant, the viscosity of the solution 

decreases and we promote a faster solvent-non-solvent exchange and a faster phase 

separation. The solubility of cellulose in [EMIM][DEP] increases with the increase of 

temperature as well. Decreasing the dope concentration is expected to provide larger 

pores, as frequently observed for polymeric membranes preparation. However, the 
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mechanical stability of hollow fibers also depends on the polymer dope concentration. An 

optimum balance of porosity and stability has to be found. Too low dope concentration 

might lead to weak fibers and too low viscosity solutions might even not provide fibers 

with well-formed pores and adequate geometries. Cellulose solutions with 

concentrations of 5, 8, 10, and 12 wt% were cast at different temperatures (Table A4.1) 

first as flat-sheet and coagulated at 25 C and 70 C, respectively. The dope solution 

temperature was chosen to provide convenient viscosity ranges (See Table A4.1). The 

permeance of the flat-sheet membranes was then characterized. 

Figure A4.1 confirms that the permeance heavily depends on polymer concentration and 

coagulation temperature. The membranes water permeance decreases by increasing the 

polymer concentration, and increases by incrementing the temperature of the coagulant. 

Independently on the concentration, the permeance of membranes coagulated at 70 C 

is 6-fold higher than the membranes coagulated at 25 C. This result demonstrates that 

an increase in pore dimension of cellulose membranes, can be achieved using a high 

temperature coagulation bath. 

However, rejection lower than 10% of BSA was observed for all the flat-sheet membranes, 

indicating high porosity and pores large enough for a low resistance in the transport. Both 

cellulose and BSA are negative at pH 7, as previously reported [27]. BSA has an isoelectric 

point around 4.5. No particular adsorption due to electrostatic effects is therefore 

expected.  

A strong dependence of permeance on the coagulant temperature. Membranes prepared 

with solutions of polymer weight fraction 10 and 12 were visually mechanically stronger. 
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Cellulose becomes softer when hydrated, since its glass transition temperature decreases 

in contact with water, which acts as plasticizer [28, 29]. Based on the preliminary results 

obtained for the flat sheet, the dope solution concentrations of 10 and 12 wt% were 

chosen to prepare cellulose hollow fibers. 

The hollow fibers were manufactured by the spinning parameters listed in Table 4.1. Also 

in this case, the effect of coagulating temperature was investigated. 

 

 

 

(a)                                                                     (b) 

Figure 4.2. (a) Water permeance and (b) PEG rejection of cellulose hollow fibers prepared 

from dope solutions with 10 and 12 wt% polymer in [EMIM][DEP], coagulated at 25 and 

70 °C. 

 

Figure 4.2a show the water permeances obtained for the hollow fibers prepared using 10 

and 12 wt% dope solution, and coagulated at 25 and 70°C. The higher permeance values 

achieved for the hollow fibers coagulated at high temperature also indicates the 
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formation of larger pores. In this case, the permeances of membranes coagulated at 70°C 

are 3-fold higher than those prepared at 25°C, which is slightly lower compared to those 

of the flat-sheet membranes. The PEG rejection of the cellulose hollow fibers follows a 

similar trend to the water permeance: higher PEG rejection was obtained for the fibers 

prepared at 25 °C, whereas those prepared at 70°C show lower PEG rejection (Figure 

4.2b). Only the fibers prepared from 12 wt% dope solutions coagulated at 25oC had a PEG 

rejection above 90% for the range of molecular weights investigate (up to 35 kg/mol). 

Independently of the coagulation temperature, the hollow fibers prepared using a low 

concentration of dope solution have lower PEG rejection, indicating high porosity and 

accessibility for the transport of proteins with molecular weight at least with molecular 

weight lower than 35 kg/mol.  This would secure access for instance of lysozyme inside 

the pores when aiming chromatographic application. However, porosity is the first 

requirement. To provide binding selectivity, an additional post-functionalization was 

discussed later. 

To confirm the formation of the suitable cellulose hollow fibers morphology for 

chromatography application, scanning electron microscopy was used. Due to the high 

hydrophilicity, the cellulose fibers swell in water, what even facilitates the transport of 

molecules like PEG and proteins. However, we have previously observed that when dried 

the pores collapse and the regular sample preparation for SEM does not allow a clear 

imaging of the pores. Even methods like freeze-drying have not allowed the exact pore 

visualization in this case [27]. Therefore, we opted for cryo-SEM imaging, which is a more 

laborious method, but allows the observation of the pores as they are immersed in water, 
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better representing the operation conditions. The images are shown in Figure 4.3 for 

hollow fibers prepared with 10 and 12 wt% dopes coagulated at 70C. A comparison 

between hollow fibers prepared with different coagulation temperatures using 12 wt% 

dope solutions is presented in Figure A4.2. 

 

Figure 4.3. Cross-sectional cryo-SEM images of hollow fibers prepared using (a) 10 wt% 

and (b) 12 wt% cellulose dope solution in [EMIM][DEP], coagulated at 70°C.  

 

We clearly see that the membranes are highly porous and the pores sizes are larger when 

the dope solution contains 10 wt% cellulose instead of 12 wt%.  The pore sizes also 

increase with the temperature of the coagulation bath.  

The porosity of the hollow fibers was then quantified by another method. The liquid 

intrusion technique allows a basic porosity measurement based on the weight of the 

membrane in wet conditions and after freeze-drying, using Equation 6. Measurements 
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such as gas-liquid displacement or mercury porosimetry are not appropriate in the case 

of cellulose, since the porosity might be different in the wet and dry states. Mercury 

porosimetry was reported to be useful only for characterizing macroporous cellulosic 

samples [36]. As reported in Table 4.2, membranes spun with 10 wt% dope solutions have 

higher porosity than those spun with 12 wt%.  By increasing the coagulant bath 

temperature, a more porous structure is obtained, as confirmed by other methods. 

Therefore, to achieve a higher porosity percentage, coagulant temperature has a 

stronger impact than polymer concentration. The higher porosity percentage value is 

obtained with hollow fibers 10 wt% coagulated at 70 °C, while the lowest was achieved 

with 12 wt% using coagulant at 25 °C.  

 

Table 4.2. Porosity of hollow fibers prepared from 10 and 12 wt% dope solutions in 

[EMIM][DEP] coagulated in water at 70 and 25C. 

Hollow fibers 

Dope solution conc. (wt%) 

Coagulation temperature 

(oC) 

Porosity (%) 

10     25 88.4 ± 0.6 

12  25 86.3 ± 0.4 

10 70 92.0 ± 0.5 

12  70 88.9 ± 0.4 

 

4.3.2. Cellulose hollow fibers post-modification for ion-exchange application 

 

The cellulose hollow fibers coagulated 70C have high porosity, and were chosen for 

potential application in chromatography. While pore size provides some differentiation 
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between proteins, by hindering the access of the larger ones, to increase the adsorption 

selectivity of the membrane to specific proteins, further chemical modification is needed. 

In this case, the porous cellulose fibers were turned into ion-exchangers by grafting 

sulfonic groups, using a single-step reaction, previously applied to membranes based on 

hydroxyl-functionalized polytriazole [34]. The anchoring of this groups was done by 

reacting the hollow fibers with 1,4-butane sultone (1,4-BS) in the presence of NaOH. Table 

4.3 shows the reaction conditions. 

The hollow fiber functionalization was first carried out with 3 wt% NaOH and 6 h reaction 

time, which however resulted in membranes with low mechanical stability. Therefore, 

two different strategies were used to overcome the membrane brittleness. The first was 

to lower the reaction time to 3 h, keeping the NaOH concentration of 3 wt%, while the 

second was to fix the reaction time as 6 h and reduce the NaOH concentration to 1.5 wt%. 

Both functionalization routes led to mechanically stable hollow fibers which were further 

characterized and investigated for protein static binding.  

 

Table 4.3. Conditions for post-functionalization and incorporation of sulfonic groups. 

Hollow fibers NaOH (wt%) Time (h) 1,4-BS (wt%) 

HF 10 wt% 3-6h/ 

HF 12 wt% 3-6h 

3 6 5 

HF 10 wt% 3-3h/ 

HF 12 wt% 3-3h 

3 3 5 

HF 10 wt% 1.5-6h/ 

HF 12 wt% 1.5-6h 

1.5 6 5 
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Figure 4.4. FTIR spectra of pristine and post-functionalized hollow fibers prepared using 

10 wt% cellulose dope solution; functionalization in 1.5 wt % (reaction time of 3h) and 3 

wt% (reaction time 6h) NaOH (Table 4.3). 

 
Figure 4.4 reports the FTIR spectra of unmodified cellulose (black line) cellulose hollow 

fibers, and those modified with sulfonic groups under the different reaction conditions 

reported in Table 4.3. The intensity of the band at 1337 cm-1 (OH in-plane bending) 

decreases, while at 1428 cm-1 (CH scissoring motion) become more pronounced for the 

modified hollow fibers. This implies that the changes are related to the C6 atom of the 

cellulose structure, as previously reported for other cellulose functionalization 
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procedures [43-46]. Moreover, an increase of intensity in the peaks ranging from 2830 to 

2950 cm-1 characteristic to CH aliphatic stretching indicates that the aliphatic segments 

of 1,4-butanesultone are grafted on the cellulose hollow fibers. As previously reported by 

other studies, the fingerprint of sulfonic group relative 1,4-butanesultone modification is 

a sharp peak located at 1000-1100 cm-1 characteristic to the asymmetric stretching 

vibration of O=S=O [34, 47]. However, cellulose also has a strong peak at the very same 

position, which, in this case it is ascribed to C-O stretching vibration [48, 49]. Thus, we 

cannot use this region to assess the presence of the sulfonic groups.  

 

Table 4.4. Elemental analysis for C, H, N and S determination. 

Elemental Analysis 

Hollow fiber C % H % N % S % 

HF10 wt% 42.69 6.45 0 0 

HF12 wt% 43.05 6.4 0 0 

HF10 wt% 3-3h 41.7 6.3 0 2.91 

HF 12 wt% 3-3h 41.68 6.27 0 3.13 

HF10 wt% 1.5-6h 41.62 6.32 0 2.91 

HF12 wt% 1.5-6h 41.64 6.42 0 3.03 

 

To confirm the chemical modification and the presence of the sulfonic groups, we 

measured the sulfur amount in the cellulose hollow fiber before and after the 

functionalization, using elemental analysis. The percentages of hydrogen, nitrogen, 

carbon and sulfur of the studied samples are reported in Table 4.4. The carbon and 

hydrogen experimental values for the pristine cellulose hollow fibers are matching their 
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theoretical equivalents being 42 and 6.5%, respectively. In addition, the elemental 

analysis confirms the presence of sulfur for the modified membranes, showing similar 

values independent of the reaction conditions. A slight increase of S % is observed for the 

hollow fibers obtained from 12 wt% dope solution. Therefore, the FTIR and elemental 

analysis demonstrate the successful incorporation of active ion-exchange groups. 

 

4.3.3. Lysozyme adsorption/desorption capacity  

 

Once the porosity and sulfonation were optimized, the hollow fibers were evaluated in 

terms of their capacity of adsorption and desorption of proteins. Static binding capacity 

experiments were conducted in order to determine the maximum equilibrium binding 

capacity and the membrane affinity with lysozyme. Lysozyme has a molecular weight 

around 14.3 kg/mol, well below the molecular weight cut off of the hollow fibers, which 

as shown in Figure 4.2b is above 35 kg/mol. The protein can therefore enter the pores 

and bind to the available membrane functional groups, in opposite to BSA, which is larger 

than 35 kg/mol. Furthermore, the isoelectric point of lysozyme is around pH 11 [50], 

making it positive at pH 8, under conditions of testing. BSA (isoelectric point at pH 4.5-

5.0) on the contrary is negative at pH 8 and does not electrostatically adsorbs on the 

negative membrane surface and pores. 

The binding capacity of each modified hollow fiber was carried out in batch experiments 

with 5 mL of a lysozyme concentration ranging from 0.125 to 8 g/L. The concentration 

was measured until a constant value was reached. In the case of the hollow fibers without 
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post-functionalization, the membranes show low level of non-specific binding as reported 

in Table 4.5.  

 

Table 4.5. Static binding capacity of unmodified hollow fibers prepared from 10 and 12 

wt% cellulose dope solutions in [EMIM][DEP], coagulated in water at 70oC. 

Hollow fiber Static binding capacity (mg /mL) 

HF 10 wt% 1.8 ± 0.9 

HF 12 wt% 1.8 ± 0.5 

 

As observed in the following experiments, this was not the case of the functionalized 

hollow fibers. Therefore, we demonstrated that the functionalization is proving the 

selectivity we desired. 

Although the same material is used for the pristine membrane, distinct outputs of the 

adsorption tests were obtained for membranes submitted to different conditions of 

spinning and post-functionalization (reaction time and reactant concentrations). The 

equilibrium binding capacity of lysozyme is represented by Equation 4 following the 

Langmuir isotherm model. The values of static binding capacity as a function of 

concentration are reported in Figure 4.5. 
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Figure 4.5. (a) Langmuir isotherms and (b) sorption efficiency of hollow fibers prepared 

from 10 and 12 wt% cellulose dope solutions and chemically modified under conditions 

specified in Table 4.3. 

 

As reported in Figure 4.5a and confirmed by the sorption efficiency test reported in Figure 

4.5b, all the membrane are able to fully adsorb the lysozyme until a concentration of 1g/L. 

They differ in terms of capacity at higher protein concentrations. Particularly for hollow 

fibers submitted to longer reaction times, the Langmuir behavior is characteristic, with a 

maximum binding capacity reached as the available specific sites are occupied. For some 

of the modifications, an increase of binding capacity might indicate a transition from 

mono- to multilayer adsorption [51]. 

As can be observed, the static binding capacity of the membranes depends on the 

concentration of the dope solution used for the hollow fiber spinning as well as the 

concentration of NaOH used during the functionalization. Higher polymeric dope 

concentration leads to denser cellulose layers, as seen in the cryo-SEM images (Figure 
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4.3) and therefore higher functional ligands density with adsorption capacity per volume. 

This is confirmed by the maximum static binding capacity as shown in Figure 4.5a. When 

the same functionalization route is used, hollow fibers prepared with 12 wt % cellulose 

dope solution show higher binding capacity compared to those prepared with 10 wt % 

cellulose.  The more pronounced influence on the static binding capacity was however 

linked to the NaOH concentration used for the functionalization. 3 wt % of NaOH clearly 

leads to a higher binding of lysozyme than 1.5 wt % NaOH, independently of the dope 

solution concentration used for the hollow fiber preparation. The sodium hydroxide not 

only activates the 1,4-BS by ring opening, but also helps to reduce the hydrogen bonding 

present in the cellulosic support. 

Binding capacities of 247 and 198 mg/mL were achieved with hollow fibers prepared with 

12 wt% cellulose modified in 3 wt % (3h) and 1.5 wt % (6h) NaOH, respectively. Analogous 

hollow fibers prepared with 10 wt % cellulose had adsorption capacities of 231 and 177 

mg/mL, respectively. 

The dissociation constants Kd for the various membranes were calculated by the 

linearization of the Langmuir equation as reported in Figure A4.3. 

 

Table 4.6. Dissociation constant of functionalized cellulose hollow fibers. 

 HF 10 wt% 3-3h HF 12 wt% 3-3h HF 10 wt% 1.5-6h HF12 wt% 1.5-6h 

Kd (mg/mL) 0.46 0.43 0.613 0.54 
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Table 4.6 lists the dissociation constant Kd values for the different functionalized hollow 

fibers.  The values go from a minimum of 0.43 mg/mL for HF 10 wt% 3-3h to a maximum 

of 0.613 mg/mL in the case of HF 10 wt% 1.5-6h. Kd is the inverse of the adsorption 

constant Ka. Lower Kd values indicate a higher adsorption capacity. 

When testing the materials for chromatography, particularly for preparative purposes, 

having a high binding capacity is important, but is just one of the requirements. Having 

an effective desorption is as relevant to be able to selectively recover the adsorbed 

protein. To have an effective desorption, the interactive sites should be very specific for 

the target biomolecule. Non-specific interactions with other functional groups and 

segments in the polymer should be avoided. 

Table 4.6 shows the membrane ability of binding and releasing the lysozyme by the 

application of the salting in and salting-out effect. For this test, the adsorption was done 

by dissolving 0.5g/L of lysozyme in Trisma base 50mM at pH 8. In order to elute the 

protein, Trisma base 50mM at pH 8 and 2M NaCl was used instead. A washing step was 

done between the adsorption and elution. All experiments were done in a static batch 

mode. As reported in Table 4.7, all tested hollow fibers led to at least 98% desorption. 

Therefore, the adsorption and desorption results indicate that cellulose hollow fibers 

activated with sulfonic groups in the way prosed in this work are promising for application 

in ion-exchange chromatography. 
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Table 4.7. Adsorption/desorption capacity of different cellulose hollow fibers using a 

starting solution of 0.5g lysozyme /L. 

Hollow fiber Adsorption (%) Desorption (%) 

HF 10 wt% 3-3h 100 99.6 

HF 12 wt% 3-3h 100 97.9 

HF 10 wt% 1.5-6h 100 98.4 

HF 12 wt% 1.5-6h 100 98.2 

 

 

4.4. Conclusions 

 

In summary, first highly porous cellulose hollow fibers for ion-exchange chromatography 

were prepared using non-toxic [EMIM][DEP] as solvent.  

The investigation on flat sheet indicates that starting from 10 and 12 wt % dope solution 

and coagulating at 70C could lead to high pores size and interconnectivity with 

reasonable mechanical stability. Hollow fibers were then optimized based on similar 

conditions. The cryo-SEM and porosity analysis indicate that the size of the pores of the 

hollow fiber is inversely proportional to the dope concentration and increases by 

increasing the coagulation temperature. The water permeances of the hollow fibers 

coagulated at high temperature are 3-folds higher with respect to their equivalent at 

room temperature. 
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Finally, 10 and 12 wt % cellulose hollow fibers coagulated at 70C were activated with 

sulfonic groups by reacting with 1,4-butanesultone. The functionalization was confirmed 

by FTIR and elemental analysis. The membranes were then characterized in terms of 

lysozyme affinity in batch adsorption tests. The static binding capacity studies point out 

that the highest maximum binding capacities was 246 mg/mL and it was achieved with 

hollow fibers prepared with 12 wt % cellulose dope solutions, modified with 3 wt % NaOH 

(3h treatment).  They had 97.9% desorption. The results obtained demonstrated their 

promising ion-exchange ability. 
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CHAPTER 5 

Green synthesis of thin-film composite membranes for organic solvent nanofiltration 

 

This chapter was published as: 

Ong, C., Falca, G., Huang, T., Liu, J., Manchanda, P., Chisca, S., Nunes, S.P., Green synthesis 

of thin-film composite membranes for organic solvent nanofiltration. ACS Sustainable 

Chemistry & Engineering, 2020. 8(31): p. 11541-11548. 

 

The author’s contribution on this research work was focused on the conceptualization of 

the idea of utilizing green non-volatile and naturally extracted solvents for the formation 

of thin-film composite membranes. The author also as participated in the membrane 

manufacture and morphological characterization. This investigation allowed the 

obtaining of ultrathin-film composite membranes resistant to organic solvents and 

suitable for nanofiltration applications. 
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Abstract 

 

Membrane-based liquid filtration systems are key process engineering platforms for the 

chemical industry, particularly for solvent intensive processes. While they are used in a 

large scale for desalination, in water treatment, and in the food industry, polymeric 

membranes are mostly fabricated from solutions in organic solvents with concerning 

toxicity. Herein, we report a green fabrication method using decanoic acid as an 

alternative green solvent. The low vapor pressure, relative to common organic solvents, 

reduces the toxicity and the harm to the environment. The decanoic acid was used to 

dissolve trimesoyl chloride and reacted with polyethylenimine in the aqueous solution via 

an interfacial polymer reaction to produce a thin film composite membrane. The resultant 

membrane had high permeances for water (∼52 L m
−2 h

−1 bar
−1

) and organic solvents (16 

to 124 L m
−2 h

−1 bar
−1

) and selectivity in the nanofiltration range. Therefore, our method 

of membrane preparation can offer an excellent and green platform for molecular 

separations for the chemical and biochemistry industry.  

 

5.1 Introduction 
 

Nanofiltration is an effective method for molecular separation due to the advantages of 

low energy consumption, easy integration with other processes, as well as up-scaling. If 

membranes with higher solvent stability were available, their applications could be 
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extended to different industrial sectors, such as food processes, petroleum, fine 

chemicals, and pharmaceutical separations. A well-defined selectivity is highly 

requested.[1],[2] .  

For the preparation of membranes in the nanofiltration range, interfacial polymerization 

(IP) is commonly used. A polycondensation between monomers dissolved in an aqueous 

and an organic phase in tight contact is promoted on a porous asymmetric support. The 

reaction takes place at the interface between phases, forming an ultrathin active layer on 

the top of the support. However, the organic solvents utilized in the IP reaction, such as 

n-hexane[3-5], 1,2-dichloroethane[4], benzene[4], cyclohexane[3, 5], heptane[3, 5], are 

often harmful and toxic to the natural environment and human body, causing harm to the 

respiratory and nervous systems, liver and kidney, or even inducing chronic skin diseases. 

[6] Therefore, the design of safer membrane preparation methods by using harmless, 

green solvents has gained increasing importance. [7] The concept of safer, green solvent 

has been introduced by Anastas and Warner[8] as one of the most important principle 

from their well-known twelve principles of green chemistry, which highlights the use of 

safer solvents and auxiliaries to provide non-toxic alternatives to standard industrial 

chemicals. Based on this principle, various kinds of green solvents have been proposed by 

researchers to minimize the negative impact of using organic solvent in the existing 

fabrication processes. For example, Abdellah et al.[9] used alpha-pinene as green 

alternative solvent to dissolve terephthaloyl chloride and react with quercetin to form 

polyester film via IP reaction. The composite membrane had a molecular weight cut off 

(MWCO) around 330 g mol-1 and dimethylformamide permeance up to 2.8 Lm-2 h-1 bar-1. 
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Ghosh et al.[5] compared the performance of thin-film composite membranes prepared 

with different organic solvents, such as Isopar G, hexane, heptane and cyclohexane. It was 

found that a lower water permeability was obtained with Isopar G compared to that of 

prepared with other hydrocarbon solvents. Recently, Mariën et al.[10] proposed for the 

first time the use of  an ionic liquid, [C4mim][Tf2N], as the organic phase to form the IP 

polyamide layer. Also, our group has been using ionic liquids as solvent substitute in the 

membrane preparation by phase inversion.[11, 12]However, not all ionic liquids are 

considered green and a high cost has to be considered, depending on the chosen 

composition. Particularly for phase inversion membranes, other alternatives are being 

proposed [13], such as Rhodiasolv Polarclean [14, 15], Cyrene [16], di-ethyl adipate (DEA) 

[17] and dimethyl isosorbide [18]. Better options are needed for organic phase of the 

interfacial polymerization and other coating procedures. 

Decanoic acid, which is also known as capric acid, is a medium-chain fatty acid found in 

coconut oil (10%) and palm kernel oil (4%), as well as other animal fats [19]. It has been 

widely used in the manufacture of artificial fruit flavor and perfume due to its 

biodegradability and non-toxicity [20], thus is considered more sustainable and 

environmental friendly than the commonly used organic solvents [21]. Decanoic acid has 

been reported as an efficient extractant for removing metals from aqueous solution [22, 

23]. However, it has not been used as the alternative organic solvent for the fabrication 

of thin film composite membrane via interfacial reaction. 

In this work, a novel thin film composite nanofiltration membrane has been 

fabricated for the first time using decanoic acid as the organic phase solvent for trimesoyl 
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chloride (TMC), reacting with polyethylenimine (PEI) in the aqueous solution to form the 

polyamide thin layer on a porous polyacrylonitrile (PAN) membrane. The PEI was used 

due to its abundant active amine groups in the polymer chains, which can react with TMC 

monomer to form the polyamide layer. PAN was used as the porous substrate due to the 

high chemical resistance and thermal stability. The resultant membranes were 

characterized and the permeance was evaluated for the separation of different dyes.  

 

5.2. Martials and methods 

5.2.1. Materials 

 

PAN ultrafiltration membranes were supplied by GMT GmbH, Rheinfelden, Germany. 

Sodium carbonate (Na2CO3, ≥99.5%), trimesoyl chloride (TMC, 98%), polyethylenimine 

(PEI) (average Mw = 25,000 g mol-1, ≤1% water), methyl orange (Mw = 327 g mol-1), congo 

red (Mw = 697 g mol-1), rose bengal (Mw = 1018 g mol-1), were purchased by Sigma Aldrich. 

Orange G (Mw = 452 g mol-1) was purchased from Abcam. Methanol, ethanol, ethyl 

acetate, acetone, hexane, 2-propanol, and acetonitrile were all purchased from VWR. 

Decanoic acid (99%) was purchased from Alfa Aesar. The properties of dyes and organic 

solvents used in this work can be found in Table A5.1 and A5.2, respectively. All the 

chemicals were used as received.  
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Figure 5.1. Interfacial polymerization of TMC and PEI in decanoic acid (around 10% in 

coconut oil) for the polyamide membrane formation. 

 

5.2.2. Membrane fabrication 

 

Firstly, a 1 wt.% PEI aqueous solution (containing 0.1 wt.% Na2CO3) was poured into a 

polytetrafluoroethylene frame on the surface of a PAN porous substrate in an oven at 60 

°C for 5 min. After removing the excess of the aqueous solution with a rubber roller, the 

membrane was covered with the TMC organic solution in decanoic acid at 60 °C for 3 min 

to allow the interfacial polymerization to occur (Figure 5.1). The decanoic acid is a medium 

carbon chain fatty acid found in the coconut oil (~10%). The membrane was washed with 

ethanol to remove any excess of unreacted TMC organic solution. Finally, the resulting 

thin-film composite membrane was dried in an oven under 60 °C for 30 min prior to use.  
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5.2.3. Characterization 

 

The surface morphology and the cross-sectional structure were analyzed by scanning 

electron microscopy (SEM), and the membrane pore size was measured using Image J 

software. The surface chemistry was investigated by Fourier Transform Infrared 

Spectroscopy (FTIR) (Nicolet iS10, Thermo Fisher Scientific). The water contact angles 

were measured by a goniometer (OCA 35, Data-Physics). The X-ray Photoelectron 

Spectroscopy (XPS) experiments were performed on a Kratos Axis Ultra DLD instrument, 

equipped with a monochromatic Al Kα x-ray source (hν = 1486.6 eV) operating at a power 

of 150 W and under ultra-high vacuum (UHV) conditions (∼ 10-9 mbar). All spectra were 

recorded in hybrid mode, using electrostatic and magnetic lenses and an aperture slot of 

300 μm × 700 μm. The survey and high-resolution spectra were acquired at fixed analyzer 

pass energies of 160 eV and 20 eV, respectively. The membranes surface charges were 

measured using a surface zeta potential cell from Malvern instrument in 1 mM NaCl at pH 

9.2 with 300 nm latex particles as tracer particles (DTS1230). 

 

5.2.4. Membrane performance  

 

Nanofiltration experiments were conducted using a stainless-steel cell with an effective 

membrane area of 0.8 cm2 under operating pressure of 5 bar. The performance of the 

membranes was analyzed in terms of the permeance of various organic solvents 

(isopropanol, ethanol, water, methanol, ethyl acetate, acetonitrile, acetone and hexane) 
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or water and the rejection of dye molecules (methyl orange, orange g, congo red and rose 

bengal). All experiments were done at room temperature, and the collected data was the 

average of repeated three parallel tests. Each test was conducted for 30 min. The solute 

concentration used in the tested solutions was 10 ppm for dyes solution in methanol. The 

solute concentration was measured on a NanoDrop UV-vis spectrophotometer using 

quartz cuvettes. The solvent flux (J) and permeance (P) were determined according to 

Equations (5.1) and (5.2), respectively 

 

𝐽 =  𝑉/𝐴𝑡       (5.1) 

 

𝑃 =  𝐽/∆𝑃       (5.2) 

 

where V is the permeate volume (L), A is the effective filtration area (m2), t is the 

operation time (h), and ΔP is the applied pressure (bar) for filtration. The rejection was 

measured by the concentration ratio of permeate and feed solution according to Equation 

(5.3), where Cf and Cp represent concentration of feed solution and permeate, 

respectively 

𝑅 =  (1 −
𝐶𝑝

𝐶𝑓
) × 100%      (5.3) 
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5.3. Results and discussions 

 

 

Figure 5.2. Surface (top) and cross-sectional (bottom) SEM images of (a, e) PAN support 

and polyamide-PAN membranes prepared with TMC concentrations of (b, f) 0.05%, (c, g) 

0.1%, and (d, h) 0.15%, respectively. 

 

The SEM image in Figure 5.2a shows that the PAN pristine substrate is highly porous. After 

the interfacial reaction, a denser cross-linked polyamide layer is formed on the surface 

(Figure 5.2b–d). The layer is smoother than those prepared by the classical interfacial 

polymerization method frequently used for the manufacture of thin-film composite 

membranes. This might be due to the fact that less convection takes place during the 

reaction, since the reactant in the aqueous phase (PEI) is already a preformed soluble 

polymer with lower diffusion than a usual monomer. The interfacial reaction leads to the 

cross-linking of the PEI into the thin insoluble polyamide layer. From high-resolution SEM 

images, using ImageJ software, we could estimate the sizes of the pores of this polyamide 

layer as being in the range of 0.74–0.8 nm, as listed in Table A5.3. The cross-sectional SEM 
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images in Figure 5.2 show the thin layer (≪200 nm) on the PAN support, after the reaction 

with various TMC concentrations (Figure 56.2f–h). The polyamide layer formation was 

confirmed by low water contact angle (CA) measurements. The contact angle is 29° on 

the pristine PAN support, which is much more hydrophilic than those of polyamide-PAN 

membranes (∼60°; Figure A5.1). 

The membrane surface chemical composition was analyzed by ATR-FTIR and XPS. Figure 

5.3a shows the ATR-FTIR spectra of the pristine PAN substrate and polyamide-PAN 

membranes. The peaks at 2938 and 1453 cm–1 for the plain PAN membrane are relative 

to the asymmetrical and symmetrical bending of C–H, respectively, and 2243 cm–1 (C≡N) 

[24]. When the polyamide is formed, two peaks appear at 1628 and 1556 cm-1 on the ATR-

FTIR spectra obtained with different TMC concentrations. The peaks are characteristic of 

the amide-I (C=O stretching) and amide-II (N-H) bands.[25]  

 

 
 

Figure 5.3. (a) FTIR spectra and (b) XPS survey of (i) PAN and polyamide-PAN prepared 

with (ii) 0.05%, (iii) 0.1%, and (iv) 0.15% TMC, respectively.    
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Figure 5.4. Deconvolution of the C1s, N1s and O1s narrow photoelectron spectra of (a, c, 

e) PAN support and (b, d, f) polyamide-PAN (0.15% TMC), respectively.  

 

Table 5.1. The atomic composition (%) obtained from the XPS spectra of the polyamide 

membranes prepared with different TMC concentrations.  

Samples C  N  O  O/N 

PAN 79.8 18.9 1 0.053 
0.05% 75 19.5 4.9 0.251 
0.1% 75 17.4 6.8 0.391 

0.15% 75.3 17 7 0.412 

 

 

Table 5.1 lists the atomic composition estimated from XPS spectra in Figures 5.3b and 5.4. 

The O/N ratio of the polyamide-PAN membranes increases from 0.251 to 0.412 by 

increasing the TMC concentration from 0.05% to 0.15%. The higher O/N ratio indicates 
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that more cross-linking between TMC and PEI groups was induced at higher concentration 

of TMC and results in the increase of polyamide groups on the surface. Figure 5.3b shows 

the survey XPS spectra of polyamide-PAN membrane and pristine PAN support. For the 

pristine PAN membrane, the two major photoelectron peaks can be attributed to carbon 

and nitrogen elements, as shown in the wide scan. The deconvolution of the C 1s scan 

shows the characteristic peaks of C≡N (285.9 eV) and C—C (284.8 eV) chemical species 

relative to the PAN structure (Figure 5.4a). In Figure 5.4b, the confirmation of the 

polyamide film on the PAN support is given first by the presence of C 1s, N 1s, and O 1s 

(Figure 5.4b). Second, a set of well-defined characteristic peaks of the C═C (284.5 eV), 

C—N (285.9 eV), and O═C—N (287.5 eV) chemical species can be observed from the high-

resolution scan of C 1s spectrum (Figure 5.4b). However, due to the presence of the PAN 

support underneath the polyamide film, it inevitably interferes with the C 1s spectrum. 

As a result, the C—C chemical species of PAN support can also be observed as well (Figure 

5.4b). The peak of C—C can also be presented due to the residual decanoic acid on the 

surface. Similarly, the N 1s spectrum of PAN support only shows the single C≡N peak at 

398.9 eV (Figure 5.4c). After the polyamide film formation, another peak at 399.1 eV was 

observed (Figure 5.4d), which is attributed to O═C—N, indicating that the interfacial 

cross-linking reaction happens between PEI and TMC. However, the peak of C≡N of the 

PAN support is still noticeable in this spectrum. Beside O═C—N, —NH3
+ was also observed 

at 400.8 eV (Figure 5.4d), due to some remaining free and protonated amino groups from 

the PEI. In principle, the chemical structure of PAN does not contain O element, so only a 

small peak of O can be observed (Figure 5.4e), probably due to a possible oxygen 
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contamination on the surface. On the other hand, the polyamide-PAN membrane has a 

very significant peak corresponding to O 1s, which can be deconvoluted to N—C═O (530.6 

eV) chemical species (Figure 5.4f), indicating the formation of the polyamide film on the 

PAN support. Another peak at 531.9 eV was observed that can be attributed to the COO 

from the carboxyl group of decanoic acid on the surface. 

 

 
 

Figure 5.5. Nanofiltration performance. (a) Rejection of various dyes dissolved in 

methanol by the polyamide-PAN membranes prepared with different concentrations of 

TMC; (b) Methanol permeance through polyamide-PAN membranes, prepared with 

different concentrations of TMC, using as feed different dye solutions; (c) Permeance of 

various solvents through a polyamide-PAN membrane prepared with 0.1% TMC; (d) UV 

absorption spectra of the mixed dyes (methylene blue, congo red) solutions in methanol 
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before (red) and after (blue) permeation through a polyamide-PAN membrane prepared 

with 0.1% TMC. 
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Table 5.2. Performance comparison of polyamide-PAN membranes with commercial 

ones. 

 

Membrane 
 

Solvent 
 

Permeance  
(L m-2 h-1 bar-

1) 
Solute 
 

Rejection 
(%) 

Manufacturer 
 

Duramen 
150 [26] 
 

Methanol 
 
 

0.48 
 
 

Acid fuchsin  
(586 g mol-1) 
 
 

100 
 
 

Evonik 
 
 

Duramen 
500 [27] 

Acetonitrile 
 

0.8 
 

Acid fuchsin  
(586 g mol-1) 
 

94.6 
 

Evonik 
 

 
Duramen 
420[27] 

Acetonitrile 
 

0.3 
 

Acid fuchsin  
(586 g mol-1) 
 

98 
 

Evonik 
 

 
Starmen 
122[28] 
 
 

Isopropano
l 
 
 

1.1 
 
 

 
Rose Bengal  
(1018 g mol-1) 
 

99.9 
 
 

Evonik 
 
 

Starmen 
240[29] 
 
 

Toluene 
 
 

0.7 
 
 

Styrene oligomers 
(380 g mol-1) 
 

90 
 
 

Evonik 
 
 

 
Solsep 
030705[30] 

Methanol 
 

1.4 
 

Triolein (885 g mol-1) 
 

100 
 

Solsep BV 
 

Duramen 
500[2] 
 
 

 
Ethanol 
 
 

2.3 
 
 

 
Remazol Brilliant  
Blue (626 g mol-1) 
 

92.4 
 
 

Evonik 
 
 

 
Polyamide-
PAN 
 

Methanol 
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The rejection of the membrane to various dye molecules as model solutes is shown in 

Figure 5.5a. UV absorption spectra of feed and permeate solutions are shown in Figures 

A5.2–A5.4 for polyamide-PAN membranes prepared with different TMC concentrations. 

As expected, the rejection of larger dye molecules was higher. Also, the rejection of dyes 

is higher by increasing the concentration of TMC from 0.05% to 0.15%. The molecular 

weight cut-offs (MWCO) of these membranes, prepared with different TMC 

concentrations, are around 650 g mol–1. Lower TMC concentrations led to lower 

selectivity.[31] This could be an indication of small defects or weak points, as observed 

also in the synthesis of previously reported polyamide layers by interfacial polymerization 

with different monomers.[32] he defects can be covered, or the layer can be 

strengthened, by increasing of TMC concentrations. However, from the SEM surface 

images in Figure 5.2, regular pores can be seen, and the mean pore diameters were 

estimated and are reported in Table A5.3. The change in effective pore size leads to an 

improved rejection capability but decreased permeance (Figure 5.5b). 

The higher rejection of dyes, when higher concentration of TMC is used, can also be 

explained by considering the surface charge of the polyamide-PAN membranes. As shown 

in Figure A5.5, all the tested dyes are negatively charged, as confirmed by the zeta 

potential measurements. Table A5.4 demonstrated the effect of the TMC concentration 

to the membrane surface charge. In the beginning, the surface of the original PAN support 

is negatively charged (-49 mV). After the IP reaction, the surface of the membranes tends 

to become positively charged due to excessive primary and secondary amine positive 

groups present on the surface from the PEI groups in the aqueous phase. However, with 
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further increases of TMC concentration to 0.15%, the surface of membranes tends to 

become more negatively charged. This is because, at higher concentration of TMC, more 

acyl chloride groups (COCl) remain unreacted and are further hydrolyzed to negative 

carboxyl groups (COOH), thus leading to an increase of negative charges on the 

membrane surface at higher concentration of TMC. This can be proven by a higher ratio 

of O/N at higher concentration of TMC as shown in Table 5.1. Therefore, due to the 

Donnan exclusion effect caused by the similar negative charge between the dyes and 

membrane surface at higher TMC concentration [33], for all dye, the rejection was higher 

when using polyamide-PAN membranes prepared with 0.15% TMC than 0.1% or 0.05% 

TMC. Nevertheless, we also tested the rejection of positively charged crystal violet dye 

(407.98 g mol-1) by using polyamide-PAN membrane with 0.1% TMC. The rejection is 

about 57%. The Donnan exclusion effect is not dominant when using this positively 

charged dye probably due to its molecular size is smaller than the molecular weight cut-

off of the polyamide-PAN membrane (~650 g mol-1). The polyamide-PAN membranes 

prepared in this work outperformed all the tested commercial membranes to a large 

extent, in terms of the solvent permeance and separation efficiency (Table 5.2). This 

might be attributed to the polyethylenimine groups used in the aqueous phase. A 

polyamide thin-film with a large number of primary and secondary amine groups is 

obtained with higher permeance compared to others with similar separation efficiency.  

We also investigated the permeation of various organic solvents. In Figure 5.5c, 

the permeances of different solvents are plotted along with their viscosities. In the case 

of the polyamide-PAN membranes prepared with 0.1% TMC, hexane and acetone, which 
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possess the smallest viscosity, gave a surprisingly high permeance of 123-124 L m-2 h-1 bar-

1. In contrast, the relatively viscous liquid isopropanol has the lowest permeance (15.88 L 

m-2 h-1 bar-1). Thus, as expected, the solvent permeance increased in inverse proportion 

to the viscosity.  

The efficiency of the membranes was then proved in the separation of mixed dyes. As 

confirmed by the UV absorption spectra in Figure 5.5d, Congo red is almost completely 

rejected, while methylene blue selectively passes through the polyamide-PAN 

membrane, coloring the permeate blue. This excellent separation is due to the larger 

molecular dimensions of Congo red (25.9 × 9.3 Å) compared to those of methylene blue 

(14.4 × 5.8 Å). This result agrees with the rejection result shown in the Figure 5.3a, where 

an almost complete rejection of Congo red can be achieved. 

The solvent stabilities of polyamide-PAN membranes in various organic solvents were also 

investigated, as shown in Table S5.5. The very small weight loss observed, when 

immersing the polyamide-PAN membranes in different solvents for seven days, indicates 

good stability in polar and non-polar organic solvents. The stability can be further proven 

by the long-term filtration tests using congo red solutions in methanol as the feed. As 

shown in Figure A5.6a, the membrane permeance only slightly decreased, keeping the 

rejection of congo red dye throughout the entire filtration test. The membrane also 

demonstrated stable pure water permeance, without significant decline within 6 h of 

operation (Figure A5.6b), indicating the stable performance of the polyamide-PAN 

membrane prepared in this work.  
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5.4. Conclusion 

 

In summary, a green interfacial polymerization method has been developed using 

decanoic acid to dissolve TMC as organic phase and PEI in the aqueous phase.  The 

resultant membrane has fast water and solvent permeation, as well as excellent 

separation performance for different dye molecules in organic solvent nanofiltration. The 

stability in both polar and non-polar organic solvents is high. Therefore, we believed that 

this green fabrication of polyamide-PAN membranes using decanoic acid as organic 

solvents not only can reduce the production of chemical waste from the nanofiltration 

membrane fabrication, but also have great potential in applications, such as wastewater 

treatment (i.e., organic pollutant or heavy metal removal) and drug purification from 

organic solvents in pharma industries. 
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CHAPTER 6 

Naturally extracted hydrophobic solvents and self-assembly in interfacial 

polymerization 

 

This chapter was published as: 

Falca, G., Musteata, V-E., Chisca. S., Hedhili, M.N., Ong, C., Nunes, S.P., Naturally Extracted 

Hydrophobic Solvent and Self-Assembly in Interfacial Polymerization. ACS Applied 

Materials & Interfaces, 2021. 

 

 

The author’s contribution on this research work was focused on the conceptualization of 

the idea. Replacement of volatile and toxic organic solvents by utilizing green non-volatile 

and naturally extracted solvents for the formation of thin-film composite membranes. 

The author also as contributed by designing the experiments for the membrane 

manufacture, morphological and performance characterization. This investigation 

allowed the obtaining of ultrathin-film composite membranes resistant to organic 

solvents and suitable for nanofiltration applications. 
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Abstract 

 

Pharmaceutical, chemical, and food industries are actively implementing membrane 

nanofiltration modules in their processes to separate valuable products and recover 

solvents. Interfacial polymerization (IP) is the most widely used method to produce thin-

film composite membranes for nanofiltration and reverse osmosis processes. Although 

membrane processes are considered green and environmentally friendly, membrane 

fabrication has still to be further developed in such direction. For instance, the emission 

of volatile solvents during membrane production in the industry has to be carefully 

controlled for health reasons. Greener solvents are being proposed for phase-separation 

membrane manufacture. For the IP organic phase, the proposition of greener alternatives 

is in an early stage. In this work, we demonstrate the preparation of a high-performing 

composite membrane employing zero vapor pressure and naturally extracted oleic acid 

as the IP organic phase. Its long hydrophobic chain ensures intrinsic low volatility and acid 

monomer dissolution, while the polar head induces a unique self-assembly structure 

during the film formation. Membranes prepared by this technique were selective for 

small molecules with a molecular weight cutoff of 650 g mol
−1 and a high permeance of 

∼57 L m
−2 h

−1 bar
−1

.  

6.1. Introduction 

Membrane technology is a sustainable, robust, and cost-effective process, which has 

been used for long time in reverse osmosis. This technology is constantly expanding for 
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separations that include partial desalination, recovery and purification of organic solvents 

and compounds in food and pharmaceutical industries.[1-4] Nanofiltration membranes 

have a more open selective layer than reverse osmosis, which allows the membrane to 

separate in the range of 200-2000 g mol-1. The commercial nanofiltration membranes are 

mostly polymeric and are in the form of integrally skinned asymmetric membranes, or 

thin-film composite (TFC) membranes. Due to their high performance, TFC membranes 

are frequently the preferred ones.[5] In general, a polyamide layer is manufactured by 

the interfacial polymerization (IP) method introduced by Cadotte[6, 7] and which has 

been successful on a large scale. This technique consists of a polycondensation reaction 

between two monomers, each dissolved in immiscible phases. The classic IP systems are 

based on the dissolution of m-phenylenediamine (MPD) or piperazine in water, and of 

trimesoyl chloride (TMC) in apolar solvents, such as isoparaffins, heptane, xylene, 

toluene, and the most common hexane. Other monomers have been investigated in 

decades of application, optimizing several conditions, such as monomers chemistry and 

concentration, temperature, solvents, and materials.[8-13] 

Since the membrane manufacture is mostly a solvent-based process, there is an 

increasing concern with their toxicity, demanding their substitution by greener 

alternatives, in preparation to stricter environmental laws. Greener solvents for phase 

inversion membranes have been reported, including ionic liquids, PolarClean and 

bioderived ones.[14-19] While for IP membrane preparation water is one of the phases, 

the organic phase is mostly constituted by hexane or isopar. Isopar has a much higher 

boiling point than hexane, being less volatile and preferred by many, but it is also 
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produced from petroleum. Ionic liquids have been one of the few greener alternatives for 

the organic phase of IP membrane preparation.[20] Each solvent substitution usually 

requires comprehensive optimization and approval for translation to the industrial 

production. The effect of classical organic solvents such as hexane, heptane, cyclohexane 

and isopar on the thin layer morphology has been investigated by different groups.[21, 

22] 

Here we use as IP organic phase a solvent widely available in nature: oleic acid (OA). OA 

is classified as a monosaturated trans-fatty acid (18:1), with a boiling temperature of 360 

C, which is found in olives (75%), canola (59%), tallow (43%). The OA is essential for 

human health, having an active role in cancer prevention.  Besides, it is highly used in the 

pharmaceutical, cosmetic, and food industries due to its non-toxicity and ability to form 

liquid crystals.  We previously explored OA as medium for the crosslinking of 

polyethyleneimine as membrane coating.[23] In this new approach, OA is used as an 

organic phase for the IP reaction between classical monomers, such as m-phenylene 

diamine (MPD) and trimesoyl chloride (TMC), in the fabrication of TFC membranes (Figure 

7.1). Besides high performance for nanofiltration application and the sustainability 

advantage as green solvent, OA has a unique effect on the formation of the membrane 

polyamide (PA) layer: a highly ordered structure was observed, induced by the self-

assembly of the amphiphilic OA molecules on the reactive interface. 
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6.2. Experimental section 

6.2.1. Materials  

 

Trimesoyl chloride (98%, 265,48 g mol-1), m-phenylenediamine (flakes >99%, 108.14 g 

mol-1), n-hexane, methanol, reactive green (1418.9 g mol-1), direct red 80 (1373 g mol-1), 

brilliant blue r (826 g mol-1), congo red (696.6 g mol-1), reactive blue 19 (626.5 g mol-1), 

bromothymol blue (624.4 g mol-1), orange g (452.4 g mol-1), were all purchased from 

Sigma Aldrich. The polyacrylonitrile (PAN) ultrafiltration support was provided by GMT. 

Finally, oleic acid and Isopar G were purchased from Sigma Aldrich and ExxonMobil, 

respectively. All chemicals were used without any further purification. 

 

6.2.2. Thin-film composite (TFC) membrane fabrication 

 

The TFC membrane was prepared by using MPD and TMC as monomers, respectively, in 

water and oleic acid as the organic phase. The formation of the TFC membrane was 

investigated at room temperature and at 60 C, using different reaction times. Firstly, 

aqueous and oily solutions were prepared to dissolve MPD and TMC at the defined 

concentrations. After the PAN support was well-fixed in the plastic frame, it was 

impregnated during 10 minutes with the diamine solution. Thereafter, the excess of the 

aqueous solution was successfully removed from the support by a rubber roller. At this 

point, the oleic acid/TMC solution was carefully poured on the top of the membrane for 

1 or 10 minutes. The samples at high temperatures (60 C) were prepared following 
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similar steps, like for the room temperature procedure. The only difference was that the 

aqueous and oleic acid solutions were previously pre-heated at 60 C. 

For spectroscopic characterization, freestanding thin films were formed in a 50 mL vial or 

in a Petri dish. The same amount of aqueous and organic solutions was used. The reaction 

starting time was considered when the oily solution was poured into the vial. To stop the 

reaction, the OA solution was carefully removed with a pipette. To eliminate any potential 

rest of TMC and OA, the membrane was washed with Isopar G and hexane. Finally, the 

water was removed with a syringe and the freestanding membrane was collected. 

 

6.2.3.  Chemical and hydrophilicity characterization 

 

The chemical characterization and formation of the polyamide layer was evaluated by 

Fourier Transform Infrared Spectroscopy (FTIR) (Nicolet iS10, Thermo Fisher Scientific). X-

ray photoelectron spectroscopy (XPS) was conducted under the base pressure of 

3 × 10−9 mbar on a Kratos Axis Supra DLD spectrometer equipped with a monochromatic 

Al K X-ray source (hν = 1486.6 eV). The free-standing TFC membranes for XPS were 

prepared by pouring in a petri dish first the MPD solution and on top was added the oleic 

acid solution with TMC for 1 and 10 min. The formed layer was fished on a gold substrate 

and soaked consecutively in isopar, hexane, ethanol, and water. Further, the samples 

were dry in the oven for 3 h under vacuum. The ζ potential of the thin-film composite 

membranes was measured in aqueous solutions with pH ranging from 4 to 8 using a 

Zetasizer Nano series HT. 
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The membranes’ water contact angles were measured using a goniometer (OCA 35, Data-

Physics). 

 

6.2.4.  Morphological characterization 

 

The membrane surface morphologies were investigated by scanning electron microscopy 

(SEM) (Merlin, Zeiss) with a voltage from 3 to 5 kV and a working distance of 5 mm. Finally, 

to avoid the charging effect under electron irradiations, 3 nm iridium coating was applied. 

Transmission electron microscopy (TEM) images were obtained on a FEI Titan CT 

microscope, operating at 300 kV. For the sample preparation, the membranes were first 

stained for 1 h with RuO4 vapors, then small pieces were embedded in epoxy resin 

(EMbed812) and thermally cured overnight at 70 °C. RuO4 vapors stain aromatic and 

carboxylic groups, which are present in the polyamide layer. Thin sections having 

approximately 100 nm thickness were cut with an Ultramicrotome Leica UC7 and 

collected on 300 mesh copper grids for TEM imaging. For all analysis, the sample were 

previously freeze-dried to ensure the total water removal. 

 

6.2.5. Membrane performance 

 

The performance of the membrane was evaluated using a stainless-steel cell with an 

active area of 1 cm2, maintaining a constant operative transmembrane pressure of 10 bar 
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at room temperature, and recording the amount of permeate at fixed time intervals. The 

experiments were carried out three times. 

The permeance was calculated using Equation (6.1): 

 

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 =
𝑄

𝐴  ∆𝑃
        (6.1) 

 

where Q corresponds to the permeation rate of the solvent (L h-1), A is the effective 

permeating area of the membrane (m2), and P is the transmembrane pressure (bar). 

The permeance is expressed in L m-2 h-1 bar-1. 

For rejection experiments, 10 ppm dyes aqueous solutions were used as feed (typically 

100 mL). The rejection was calculated by Equation (6.2): 

 

𝑅 (%) = 100 ∗  (1 −
𝐶𝑝

𝐶𝑓
)      (6.2) 

 

where Cf and Cp respectively indicate the dye concentration of the feed and permeate.  

To quantitatively assess the membrane rejection, an UV spectrometer (NanoDrop 2000c) 

was used. Finally, by definition, the molecular weight cut-off is the lowest molecular 

weight that can be rejected with a degree of 90%.  
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Figure 6.1. Thin-film composite membrane formation using oleic acid as the organic 

phase. 

 

6.3. Results and discussion 

 

To synthesize the TFC membrane, we used classical IP monomers, MPD and TMC, and we 

replaced the common hexane solvent by oleic acid (OA) in the organic phase, which is a 

natural product from coconut and a green solvent. Moreover, the low vapor pressure and 

higher boiling point of the OA could open the possibility of synthesizing TFC membranes 

by using monomers of lower reactivity or solubility, requiring reactions at higher 

temperatures. We investigated the formation of the TFC membrane at room temperature 

and at 60 C using different reaction times and temperatures.  
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Figure 6.2. (a) FTIR spectra of the TMC monomer, with oleic acid as organic phase; (b) FTIR 

spectra of freestanding polyamide layers prepared by interfacial polymerization using OA 

(red spectra) and hexane (gray spectra), with 2 wt % MPD and 0.8 wt % TMC and 3 h 

reaction time (the blue marks in a and b highlight the OA peaks); (c–f) XPS C1s and N 1s 

spectra of the freestanding polyamide layer obtained using 2 w % MPD/0.2 wt % TMC 

with (c and e) 1 and 10 (d and f) minutes of reaction time. 

 

FTIR was used to confirm the interfacial polymerization reactions using different 

monomer (MPD and TMC) concentrations, performed with hexane or oleic acid as organic 

phases. Figure 6.2a reports the spectra of pure unreacted TMC and oleic acid. Figure 6.2b 

compares the spectra of free-standing polyamide films formed using 2wt % MPD aqueous 

solution and 0.8 wt % TMC applying two different Isopar G, hexane and ethanol to 

eliminate any potentially unreacted monomers and extract the remaining OA. However, 
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although extensive washing was carried out, the peak characteristics of OA can still be 

seen in the spectra of the freestanding layer in Figure 6.2b (highlighted in blue; 2 peaks 

around 2800–2900 cm–1 and a shoulder at 1710 cm–1) [24]. Analogous characterization of 

membranes prepared on PAN supports led to a similar conclusion, even after 72 h of 

washing (Figure A6.1a). This suggested that a small amount of OA is trapped and taking 

part in formation of the polyamide layer assembly. The spectra in Figure 6.2b also show 

characteristic peaks of polyamide at 1609 cm–1 relative to the N–H stretching of the 

aromatic amide, at 1510 cm–1 corresponding to the C–N stretching vibration, and at 1541 

cm–1 corresponding to the N–H in-plane bending belonging to the secondary amide. [25, 

26] The peak at 1650 cm–1 is characteristic to the C═O stretching of the primary amide. 

Analogously to Figure 6.2b, Figure A6.1b shows the spectra of thin polyamide layers 

prepared on a PAN support, using 2 wt % MPD and 0.2 wt % TMC at 60 °C for 1 and 10 

min, and the spectrum of the plain support as well. Besides the characteristic peaks for 

the polyamide layer, the spectra of the TFC membranes prepared on PAN supports show 

distinctive PAN peaks at 1453 and 2243 cm–1 for symmetrical C–H bending and C≡N, 

respectively [27]. The peak intensity and the relative contributions of PAN and polyamide 

depend on the thickness of the formed layer, driven by the time of the reaction and 

monomer concentrations (see Figure 6.1a, b). The characteristic peaks for the polyamide 

layer were more pronounced when the reaction time was increased or when the 

monomer concentrations were higher (as in Figure 6.1a). 

Additionally, to confirm the reaction of the monomers and the formation of the 

polyamide structure, X-ray photoelectron spectroscopy (XPS) was used. Figure 6.2c, d 
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show the C 1s spectra and Figure 6.2e, f the N1s spectra for the free-standing TFC 

membranes synthesized starting from 2 wt% MPD and 0.2 wt% TMC at 25 oC for 1 and 10 

min. The C 1s core-level spectra were fitted using five components located at 284.9, 

285.9, 288.2, 289.3, and 291.2 eV, attributed to C=C/C-C, C-O/C-N, N-C=O, O-C=O, and π-

π* shake-up satellites, respectively. The N 1s core-level spectra were fitted using two 

components located at 399.7 and 401.6 eV attributed to O=C-N and R-N+H3. The survey 

XPS spectra for the TFC layer formed using 1 min reaction time show three major peaks 

of carbon, nitrogen and oxygen (Figure A6.1b). The peaks at 288.2 eV (C 1s), 399.7 eV (N 

1s), and 531.6 eV (O 1s) attributed to O=C-N (Figure A6.1c, d) demonstrate the formation 

of the polyamide structure even when the reaction time it was 1 min. However, the 

appearance of the peaks at 289.3 eV (C 1s) and 533.3 eV (O 1s) indicate the presence of 

carboxylic groups, which can be associated with the trapped oleic acid but is not excluded 

that some unreacted acyl chloride group on TMC can be hydrolyzed to the carboxylic acid 

group. In addition, N 1s spectra show a peak at 401.6 eV attributed to R-N+H3, suggesting 

that the carboxylic groups trapped in the polyamide can interact with the amino group to 

form protonated amine complex, as is reported in the literature.[24] 

The static water contact angle values for the PAN support and the TFC membranes are 

presented in Table 6.1. The polyamide contact angles are in the range of 76 - 90o, which 

are close to the values reported in the literature [28-30], indicating a hydrophobic 

character in comparison with the PAN support. The similar values obtained for the TFC 

membranes synthesized at 25 oC suggest that a continuous layer formation does not 

dependent on the monomer concentration or reaction time. 



 
 

 

242 

 

 

Table 6.1.  The contact angle of thin films made with different conditions. 

Membrane sample Contact angle (o) 

Plain PAN 29 ± 1 

2 wt% MPD/0.2 wt% TMC, 25oC, 1 min 78 ± 1 

2 wt% MPD/0.2 wt% TMC, 25oC, 10 min  81 ± 2 

0.2 wt% MPD/0.02 wt% TMC, 25oC, 1 min 82 ± 2 

0.2 wt% MPD/0.02 wt% TMC, 25oC, 10 min 82 ± 1 

2 wt% MPD/0.2 wt% TMC, 60oC, 1 min  76 ± 3 

2 wt% MPD/0.2 wt% TMC, 60oC, 10 min 90 ± 1 

 

The morphology of the polyamide layer was first investigated by SEM, using low 

monomer concentrations. Figure 6.3a shows the surface images of the PAN support, and 

Figure 6.3b, c shows the surface morphology of the polyamide layer obtained using 0.2 

wt% MPD and 0.02 wt% TMC at room temperature, for 1 and 10 minutes, respectively. 

The TFC layer is homogeneously covering the porous PAN structure, although in some 

areas, there are distinguished tiny pores on the surface. However, these pores are 

covered by the continuous ultrathin layer (17 nm), which is demonstrated by the TEM 

images (Figure 6.5 and Figure A6.2) and by the consistency of the separation performance 

(Figure 6.6). A similar effect was observed in SEM for other thin TFC membranes reported 

in the literature.[31]  
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Figure 6.3. SEM images of membrane surfaces: (a) pristine PAN and (b, c) coated with a 

polyamide selective layer, prepared by the interfacial polymerization of 0.2 wt% MPD in 

water and 0.02 wt% TMC in oleic acid at 25oC reacted, during 1 (b) and 10 (c) minutes. 

 

By keeping the MPD concentration at 0.2 wt % and varying the TMC content, the surface 

morphology evolution as the selective layer is formed with a higher monomer 

concentration and a longer reaction time is seen in Figure 6.4a. The porous structure 

imaged by SEM is not responsible for the separations discussed later in this work. An 

ultrathin denser selective layer is probably formed immediately on the PAN surface. The 

porous network of highly uniform spherical cavities evolves as a subsequent layer, 

reflecting a self-assembly influenced by the arrangement of OA amphiphilic molecules 

near the interface, analogously to what is depicted in Figure 6.4b (left side). On keeping 

the same monomer concentration (0.2 wt % MPD/0.2 wt % TMC and 0.2 wt % MPD/0.8 

wt % TMC) and increasing the reaction time from 60 to 180 min, a similar morphology 

with no further structuration appears (Figure A6.4). However, when the monomer 
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concentrations are particularly high, as the reaction time increases, a different structure 

resembling crystallization or ordered nucleation and growth is observed as illustrated 

in Figure 6.4b. This can be seen already after 10 min with 2 wt % MPD and 0.8 wt % TMC. 

The extreme case is shown for 180 min reaction, 2 wt % MPD, and 0.8 wt % TMC. This 

structure could be understood from the schemes depicted in Figure 6.4b, evolving from 

the assembly of the amphiphilic OA molecules around the acid monomers dissolved in 

this organic phase, and further growing as the polymerization proceeds. 

 

Figure 6.4. (a) SEM images of the surface of thin-film composite membranes, prepared by 

interfacial polymerization using OA as the organic phase with different MPD and TMC 
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concentrations and reaction times, conducted at room temperature. (b) Scheme of the 

potential organization of OA molecules and monomers to form the observed morphology 

in initial stages (left) and as the reaction time proceeds, particularly with high monomer 

concentrations (right). 

 

The cross-section was investigated in detail by TEM. The images are shown in Figure 6.5, 

after selectively staining the polyamide layer with ruthenium oxide. If all other conditions 

are kept constant, the polyamide layer obtained using oleic acid as organic phase solvent 

is thinner and more regular than when using hexane. The typical “ridge and valley” 

morphology was obtained with hexane (Figure A6.4). With oleic acid, when the MPD and 

TMC concentrations were 0.2 wt% or lower, a layer thinner than 50 nm is formed, smooth 

or with a regular wavy surface contour line, as seen in Figure 6.5. When the reaction is 

performed at higher temperature, a thin, and rougher layer is formed.  As the MPD and 

TMC concentrations increase, respectively to 2 and 0.8 wt%, using oleic acid as organic 

solvent, a much thicker and rougher layer is formed, corresponding to the morphology 

observed by SEM. 
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Figure 6.5. TEM images of membrane cross-sections stained with RuO4. Polyamide 

selective layers prepared with 0.2 (top) and 2 wt% (bottom) MPD aqueous solutions and 

different concentrations of TMC in hexane (H) or oleic acid (OA), reacting at 1 or 10 

minutes, at 25 or 60oC.  

 

The comprehensive understanding and control of the morphology of layers obtained by 

interfacial polymerization has been a topic of discussion in the literature for years.[9] [32-

38]It is affected by temperature [9], the viscosity of the reactive medium [38], the 

morphology and hydrophilicity of the porous substrate [34] and the presence or not of an 

intermediary, sometimes sacrificial layer.[9]  
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In the approach we use in this work, the main reason to use oleic acid is as a green 

substitute of volatile organic solvents such as hexane or toluene. However, it additionally 

has a significant impact on the morphology of the interfacially polymerized layer and this 

is important to discuss here. The oleic acid influence is relevant on two main aspects: (i) 

the viscosity of the organic phase and (ii) the surface activity and its self-assembly 

induction.  The polyamide formation is guided by the effective diffusion of reactant 

monomers dissolved in the organic and aqueous phase to the reactive interface. The 

polymerization fast occurs when monomers in the aqueous and organic phases encounter 

and the morphology of the incipient layer reflects the turbulence at the interface and any 

potential direction driven organization of the monomers while the polymer is being 

formed. Previous reports on interfacial polymerization for membranes have considered 

the relatively rough “ridge and valley” morphology to be a result of the strongly 

exothermic reaction between amine-functionalized and acid chloride monomers [9]. A 

turbulence in the interfacial results from a local increase of temperature as the reaction 

occurs. Turbulence can be also stimulated by a fast diffusion of the monomers to the 

reaction interface. When a porous support is embedded with the amine-functionalized 

monomer solution, its diffusion to the interface will be faster through the pores than from 

denser areas between pores.  This contributes to the roughness.  

Recently, the structuration of the thin-film morphology was observed when poly(vinyl 

alcohol) was dissolved in the aqueous phase during the interfacial polymerization process. 

The morphology was linked to Turing patterns[38]. They are examples of non-equilibrium 

reaction-diffusion patterns[39]. Turing patterns are expected to depend only on reactant 
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concentrations and input rates. They should not depend on geometrical parameters and 

should not result from convective contributions like the formation of other non-

equilibrium structures such as Benard cells. Another intriguing example of reaction-

diffusion pattern formation is generated by the Liesegang phenomenon[40], which is 

caused by a combination of reaction-diffusion and precipitation in a highly viscous 

medium. In our case, the morphologies shown in Figure 6.4a might be an even more 

complex combination of reaction-diffusion, precipitation and self-assembly (Figure 6.4b). 

Oleic acid provides a much more viscous organic phase for the diffusion of acid monomers 

to the reactive interface than hexane, although far from being considered a gel. The high 

viscosity reduces the diffusion rate of TMC to the reaction interface and reduces any 

convective movement during the reaction. This reflects in a smoother layer, as can be 

seen in Figure 6.5 for 0.02 wt % TMC. Higher temperature (60oC compared to 25oC) 

reduces the viscosity and a rougher layer is formed, as also observed by TEM. By fixing 

the temperature at 25oC and increasing the TMC concentration from 0.02 wt % to 0.2 wt 

% the smooth layer becomes wavy. A thicker and organized structure develops as the 

concentration and reaction time increases even more. For this development, viscosity is 

only one factor that could contribute to a diffusion-controlled reaction. Oleic acid can be 

seen as a surfactant constituted by a long hydrophobic tail and a polar carboxylic head. It 

is expected that a monolayer of oleic acid molecules will be placed at the reactive 

interface with the polar heads directed to the aqueous phase. Therefore, in this case, the 

interface has a directive character, which might induce self-assembly as the polymer is 

being formed, leading to the formation of the unusual structures as schematically Figure 
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6.4b. As the polyamide is formed, some oleic acid molecules remain partially trapped in 

the insoluble layer (Figure 6.2b). We can also envisage that there is a TMC-oleic acid 

micelle formation with TMC highly polar molecules directly interacting with the oleic acid 

polar heads.  TMC would be partially supplied to the surface in the form of micelles, as 

depicted in Figure 6.4, and this could be the reason for the regular spherical morphologies 

detected by SEM. We have previously used surfactants such as sodium dodecyl sulfate 

(SDS) to improve the solubility of monomers for the interfacial polymerization [11]. 

Surfactants like SDS have been also more recently used to improve the quality and 

thickness of interfacial polymerization membranes [41]. Non-ionic surfactants have been 

reported to contribute to an emulsion-mediated interfacial polymerization [42]. In our 

system, the spherical morphology is much more evident. Furthermore, when the TMC 

concentration and the reaction time are higher, the self-assembly and precipitation in the 

viscous medium give rise to even more ordered stacked structures seen in Figure 6.4.  
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Figure 6.6. Nanofiltration performances of TFC membranes prepared under different 

conditions: (a-d) rejection of different dyes in aqueous solutions and water permeance 

using 1 minute reaction time (a and b) and 10 minutes reaction time (c and d); (e) rejection 

of dyes in methanol; (f) UV-Vis spectra for feed, permeate and retentate to estimate the 

Direct Red 80 rejection in methanol after permeating for 48h. 

The separation performances of the different TFC membranes were investigated in a 

dead-end mode using water and methanol, and results are reported in Figure 6.6. For the 

rejection experiments, aqueous solutions with orange g, congo red, brilliant blue r, and 

reactive green were used as model solutes. For methanol experiments, orange g, 

bromothymol blue, reactive blue 19, and direct red 80 were used (Table A6.1).  

The pristine PAN support has a pure water permeance of about 80 L m–2 h–1 bar–1, while 

the permeances of the TFC membranes prepared from 0.2 or 2 wt % MPD and 0.02 or 0.2 

wt % TMC are in the range of 38–57 L m–2 h–1 bar–1 (Figure 6.6b, d). The highest 
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permeance values were obtained for 2 wt % MPD/0.2 wt % TMC, prepared for 10 min at 

25 and 60 °C (Figure 6.6d). The molecular weight cutoff (MWCO) of the 2 wt % MPD/0.2 

wt % TMC membranes is 650 g mol–1, with a slightly higher rejection of the membranes 

prepared for 1 min at 25 and 60 °C (Figure 6.6a, c). Generally, the rejection of these 

membranes was relatively similar, indicating that a successful interfacial polymerization 

is obtained even when the reaction time is only 1 min. 

By lowering the monomer concentrations to 0.2 wt% MPD/0.02 wt% TMC, a tight 

structure is still obtained independently of the applied reaction time. Higher rejections 

were reached, with MWCO up to 420 g mol-1 and 600 g mol-1, using reaction times of 1 

minute at 25 oC and 10 minutes at 60oC, respectively (Figure 6.6a, c). The water 

permeance of membranes prepared with high TMC concentrations (0.5-0.8 wt%) and 

distinct structure was much lower, and therefore, the performance investigation was 

restricted to TMC concentrations as high as 0.2 wt%. 

To investigate the influence of the Donnan effect on the transport, we evaluated the 

surface charge by measuring the ζ potential on different pHs (4–8). The values obtained 

for pH 4 and 5 are around −20 mV, while by increasing the pH to 7 and 8, which is the 

range at which we performed the separation experiments, the ζ potential was around −60 

mV. This indicates that the TFC membranes are strongly negatively charged. Considering 

that the selected dyes have in their structure at least 2 negative charges (Table A6.1), the 

Donnan effect is expected to play an important role during the separation. Therefore, the 

good rejection of the dyes with distinct molecular weight suggests that the separation 

might have the contributions of both Donnan effect and size exclusion. 
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The performances obtained for TFC membranes using aqueous solutions as feed are 

comparable or for selected conditions much higher than the data previously reported for 

TFC membranes obtained by interfacial polymerization of different monomers on similar 

support (PAN) or others (poly(ethersulfone) (PES), polysulfone (PSU), PS) (Table 6.2), 

indicating not only that the synthesis process can be more sustainable by using OA, but 

also that the performances are improved. 

 

Table 6.2. Performances of OA system compared to previous reports a. 

Membrane Permeance  

(L m-2 h-1 bar-1) 

MWCO  

(g mol-1) 

Reference 

PES / IP 7 452 [43] 

PSU / IP 17 696 [44] 

PSU / IP 3.5 292 [45] 

PAN / IP 3.6 408 [46] 

PS / IP 12.5 696 [47] 

PS / IP 10 466 [48] 

PAN / IP 10 320 [49] 

PES / IP 25 320 [50] 

PAN / IP 57 650 This work 

PAN / IP 38 420 This work 

aPES: polyethersulfone; PSU: polysulfone; PAN: polyacrylonitrile. 
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The TFC membrane prepared using 0.2 wt % MPD/0.02 wt % TMC for 1 min at 25 °C was 

selected to explore the membrane performances in methanol. As depicted in Figure 6.6e, 

the membrane is well suited for organic nanofiltration having an MWCO of 580 g mol–1, 

which is slightly higher than in water (Figure 6.6a). This behavior can be explained by the 

less pronounced Donnan effect in organic solvents, although a membrane partial swelling 

in methanol cannot be excluded. We investigated the performance in methanol with 

Bromothymol Blue (624.38 g mol–1), which is a neutral molecule. The rejection of this dye 

is 50% (Figure A6.6a), proving that the TFC membrane separation combines the Donnan 

effect and size-selective mechanism also in organic solvents. We performed a long 

filtration measurement to show that the TFC layer obtained using OA is stable. Figure 

A6.6b shows the methanol permeance during rejection experiments of Direct Red 80 for 

48 h. The permanence values initially decrease before reaching a constant value at 13 L 

m–2 h–1 bar–1. The behavior during long-term filtration could indicate that the potentially 

trapped OA is not affecting the performance of the membranes since we did not see any 

increase in the permeance values. The Direct Red 80 rejection is 99.9% after 48 h, 

demonstrating that the TFC membranes synthesized by this new procedure are also 

promising for organic solvent applications (Figure 6.6f). 
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6.4. Conclusions 

A naturally extracted green solvent has been implemented as organic phase for the 

dissolution of TMC and interfacial polymerization with MPD. Scalable thin-film composite 

membranes were successfully obtained by replacing hexane by oleic acid. 

SEM images showed the difference between the various polymerization conditions, going 

from a smooth layer for low TMC concentration (0.02 wt%, 1 minute reaction) to a thicker 

and self-assembled structure as the concentration and reaction time increase up to 0.8 

wt% and 60 minutes reaction time. Additionally, TEM images show the thickness of the 

film obtained with 0.02 wt% TMC as being close to 20 nm, formed in short reaction time. 

This characteristic led to high water permeances, which are in the range of 38 - 57 L m-2 

h-1 bar-1, with MWCO in the nanofiltration range (650 g mol-1).  

In conclusion, we believe that oleic acid can be a valid alternative to hexane as organic 

phase without volatile emission during the membrane fabrication, with high performance 

in the nanofiltration range. 
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CHAPTER 7 

Organic solvent and thermal resistant polytriazole membranes with enhanced 

mechanical properties cast from solutions in non-toxic solvents 

 

This chapter was published as: 

 

Chisca, S., Marchesi, T., Falca, G., Musteata, V-E., Huang, T., Abou-Hamad, E., Nunes, S.P., 

Crosslinked polytriazole membranes for organophilic filtration. Journal of Membrane 

Science, 2017. 528: p. 264-272. 

 

The author’s contribution in this work was relatred to the conceptualization of the idea 

of using ionic liquids as alternative green solvent for polytriazole membrane formation 

via non-solvent induced phase separation. Additionally, the author contributed also to 

membrane manufacture and development of the crosslinking of the membranes as well 

as the filtration experiments for performances assessment. 
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Abstract 

 

We report the synthesis of organic solvent resistant polytriazole membranes using a 

sustainable process. In the first step, the polymer was dissolved in an ionic liquid for the 

membrane casting and immersion in water, followed by exposure to two non-toxic 

diepoxy crosslinkers with different lengths. We investigated the mechanical properties by 

measuring the creep recovery, and we correlated these data with the physical aging and 

compaction during filtration. Additionally, by using dynamic mechanical analysis, we 

studied the polymer relaxations at high temperatures associated with the local mobility 

of the crosslinker segments and the polytriazole chains, discussing their effect on the 

membrane performance. The performance in strong polar solvents, such as N, N’-

dimethylformamide, was evaluated from 25°C to 105°C, with permeance values in the 

range of 3.7–10.6 L m-2 h-1 bar-1, and molecular weight cut-off around 1000 g mol
-1

. This 

confirms that the membranes meet the requirements for organic solvent applications.  

 

7.1. Introduction 

 

The membrane technology is considered a sustainable process when compared with 

conventional separation methods such as evaporation and distillation, which are widely 

used in industry, due to its better energy efficiency, reduced environmental impact, and 
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its relatively easy scale-up [1-5]. However, most of the membranes are obtained using the 

phase inversion method, which frequently involves the use of toxic solvents such as N,N-

dimethylformamide (DMF), tetrahydrofuran (THF) and N-methyl-2-pyrrolidone (NMP) or 

strong acids [6, 7]. Globally, it is estimated that the membrane production annually 

generates more than 50 billion liters of wastewater with toxic solvents [7].  

Moreover, to obtain one square meter of a membrane for liquid separation by the phase 

inversion method, 100–500 L of wastewater are generated [2, 7, 8]. Nowadays, one of the 

main challenges of this technology is to minimize the environmental impact of membrane 

manufacture, by choosing less toxic solvents for aqueous systems, in case of discharging 

or to promote systems that could be recycled in a zero-discharge process. Another 

important environmental aspect is the exposure of membrane manufacturers to toxic 

volatile organic compounds (VOC), during a production in large-scale. To avoid that, 

solvents of low volatility are highly advantageous. One way to address these points and 

to improve the sustainability of the membrane technology is to replace the common toxic 

solvents by greener ones, such as methyl and ethyl lactate [9], triethyl phosphate [10], 

dimethyl sulfoxide [11], γ-butyrolactone [6] and PolarClean® [12]. Ionic liquids (IL) are 

among those considered a green solvent alternative. They are chemically stable, non-

flammable, and have low vapor pressure [13], which eliminates the problem of VOC 

emission. There is a large variety of ionic liquids, and their level of toxicity in water 

depends on the chemical composition. In any case the possibility of recycling is important 

for uses on large-scale. The ionic liquids were widely used in organic synthesis to replace 

traditional solvents [14], and were more recently implemented as a solvent for membrane 
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fabrication [6]. For example, ionic liquids were used to prepare cellulose acetate [15] and 

polybenzimidazole and polybenzimidazole/polyimide blend membranes [16]. Our group 

has reported the used of ionic liquids as a new solvent system to prepare cellulose 

multilayer [17] and polytriazole flat sheet membranes [18], and to prepare 

polyacrylonitrile, polysulfone and cellulose acetate hollow fibers [19, 20].  

Solubilization is the first important step in membrane production. However, to have an 

important impact on the chemical, pharmaceutical and petrochemical industries, which 

are highly organic solvent-based, a major challenge is the requirement of membrane 

stability in a wide range of pH’s and solvents [21]. Moreover, the membranes should be 

prepared from materials that are easy to process by conventional methods. Both ceramic 

and polymeric membranes are under investigation for organic solvent nanofiltration 

(OSN) [21]. Although the ceramics are stable in harsh conditions, they have limitations, 

such as high cost, poor mechanical properties, and difficult scaling-up[22]. Therefore, 

polymeric materials have gained growing importance in OSN, and some of the most used 

polymers for that are crosslinked polyimides. However, the imide ring is not stable in base 

conditions. Previous reports [3, 23] indicate that the organic solvent permeance can 

decline more than 30% over time for this class of materials. Crosslinked 

polybenzimidazole (PBI) has been reported as an alternative class of polymers for OSN, 

but the brittleness of the membranes is a disadvantage [24]. Recently, polyether ether 

ketone (PEEK) and thermally rearrange polymers have been reported as an alternative 

class of polymers suitable for OSN application, due to their high chemical resistance [25-

27]. We recently reported that crosslinked polytriazole membranes, which can be easily 
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synthesized, are stable in a wide range of solvents and pH’s, as required [28, 29]. We also 

proposed alkyne-functionalized high-performance polymers as a strategy for organic 

solvent filtration [30]. In addition to solvent and pH resistance, many OSN applications 

require membranes stable at temperatures in the range of 60–90 °C or even higher [21, 

24]. But most of the reported studies show the OSN membranes performances at room 

temperature [3, 21, 23], and there are only a few reports on membranes tested at higher 

temperatures [27, 30-32].  

In this study, we combine the synthesis of the crosslinked polytriazole membranes by a 

sustainable phase inversion process with the requirements of OSN applications. The 

membranes were tested from 25 °C to 105 °C, in strong polar solvents, such as DMF. The 

crosslinked membranes were obtained by dissolving the polytriazole in an ionic liquid, 

followed by a reaction with non-toxic crosslinkers in the aqueous medium. We used 

dynamic mechanical analysis to correlate the performance of the membrane with the 

mobility of the crosslinkers and polytriazole chains, and we investigated the creep 

recovery as a predictive indication of mechanical stability in long-time operations.  

 

7.2. Experimental 

7.2.1. Materials 

1-Ethyl-3-methylimidazolium diethyl phosphate ([EMIM] DEP) (98%), 1,4-butanediol 

diglycidyl ether (BDG) (95%), poly(ethylene glycol) diglycidyl ether (PEGDE) (Mn 500), 
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poly(ethylene glycol) (PEG) different molecular weight, N,N’-dimethylformamide (DMF) 

(99.8%), and all other reagents were procured from Aldrich. The polytriazole was 

synthesized in our lab by polycondensation reaction [28, 29]. All the chemicals were used 

as received.  

7.2.2. Membrane preparation and crosslinking 

The first step of the membrane preparation involves the dissolution of the polytriazole 

polymer in [EMIM] DEP. The polytriazole membranes were prepared by phase inversion 

[33, 34]. We dissolved 15% of polytriazole in the ionic liquid [EMIM] DEP at 85–90 °C for 

48 h. The resulting solution was cast using a doctor blade with a gap set to 200 μm, on a 

glass plate, in an oven at 65–70 °C. The as-cast solution film was immediately removed 

from the oven and cooled to the room temperature for 30s, before immersing it in water. 

To be sure that the [EMIM] DEP was fully removed from the membranes, we soaked them 

in water at 80 °C for 12h.  

The membranes were then crosslinked by submerging them in 10 wt % solutions of 1,4-

butanediol diglycidyl ether (BDG) or poly(ethylene glycol) diglycidyl ether (PEGDE) in 

water at 80 
°
C for 6 h. After the crosslinking reaction, the membranes were washed with 

water and a mixture of water-methanol to remove any unreacted crosslinker, and stored 

in water at 4 °C before measuring the performance (Figure 7.1). The conditions to obtain 

polytriazole membranes using NMP were previously described [29]. The samples 
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abbreviation are PTA-NMP (membranes prepared from PTA solutions in NMP), PTA-IL 

(membranes prepared from solutions in the ionic liquid, IL), PTA-IL-BDG (membranes 

prepared from solutions in the ionic liquid, IL, followed by crosslinking with BDG) and PTA-

IL-PEGDE (membranes prepared from solutions in the ionic liquid and crosslinked with 

PEGDE).  

 
Figure 7.1. Schematic illustration for the preparation of crosslinked polytriazole 

membranes: (a)the casting process, (b) the crosslinking reaction was taking place in an 

aqueous solution containing 10% of crosslinker 
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7.2.3. Characterization 

7.2.3.1. Chemical analysis 

The success of the crosslinking reaction was evaluated by Fourier Transform Infrared 

(FTIR) spectroscopy. The FTIR spectra were recorded by performing 16 scans with a 

spectral resolution of 4 cm- 1, at room temperature, on a Nicolet 6700 FT-IR System.  

Solid-State Nuclear Magnetic Resonance Spectroscopy was used to investigate the 

chemical structure of the crosslinked membranes. One-dimensional 1H MAS and 13C 

CP/MAS solid state NMR spectra were recorded on Bruker AVANCE III spectrometers 

operating at 400, or 600 MHz resonance frequencies for 1H. Experiments at 400 MHz 

employed a conventional double-resonance 4 mm CP/MAS probe, while experiments at 

600 MHz utilized a 3.2 mm double-resonance probe. Dry nitrogen gas was used for the 

sample spinning to prevent the degradation of the samples. NMR chemical shifts are 

reported with respect to the external references, tetramethylsilane (TMS) and 

adamantane. For 13C CP/MAS NMR experiments, the following sequence was used: 90° 

pulse on the proton (pulse length 2.4 s), then a cross-polarization step with contact time 

of typically 2 ms, and finally acquisition of the 13C signal, under high-power proton 

decoupling. The delay between the scans was set to 5 s to allow the complete relaxation 

of the 1H nuclei, and the number of scans ranged between 10,000 and 20,000 for 13C, and 

was 32 for 1H. An exponential apodization function corresponding to a line broadening of 

80 Hz was applied before the Fourier transformation.  
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The 2D 1H–13C heteronuclear correlation (HETCOR) solid-state NMR spectroscopy 

experiments were conducted on a Bruker AVANCE III spectrometer using a 2.5 mm MAS 

probe. The experiments were performed according to the following scheme: 90° proton 

pulse, t1 evolution period, CP to 13C, and detection of the 13C magnetization under two-

pulse phase-modulated (TPPM) decoupling. For the cross-polarization step, a ramped 

radio frequency (RF) field centered at 75kHz was applied to the protons, while the 13C 

channel RF field was matched to obtain an optimal signal. A total of 64 t1 increments with 

2000 scans were collected. The sample spinning frequency was 15 kHz. Using a short 

contact time (0.2 ms) for the CP step, the polarization transfer in the dipolar correlation 

experiment was verified to be selective for the first coordination sphere to lead to 

correlations only between pairs of attached 1H–13C spins (C–H directly bonded).  

X-ray photoelectron spectroscopy (XPS) was conducted under the base pressure of 3 x 10- 

9 mbar on an Axis-Ultra DLD spectrometer using A1 Kα radiation. 284.5 eV of C1s from 

adventitious carbon was used as a calibration reference.  

7.2.3.2. Morphological analysis 

The morphology of the pristine and crosslinked membranes was studied by scanning 

electron microscopy (SEM) on a Nova Nano microscope, using a voltage of 3–5 kV and a 

working distance of 3–10 mm. The samples were coated with iridium using a Quorum 

Q150TES equipment, before performing the measurements.  
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7.2.3.3. Thermal analysis 

The thermal stability of the membranes was investigated by thermogravimetric analyses 

(TGA), before and after filtration, on a TGA Q50 by TA instruments in an air atmosphere 

from 25 to 800 °C, with a heating rate of 10 °C min- 1. 

7.2.3.4. Thermo-mechanical analysis 

Mechanical measurements were performed on a TA Instruments Q800 Dynamic 

Mechanical Analyzer (DMA) in tensile mode. Rectangular samples (15 x 5 mm) were cut 

from the membranes with a thickness of 70–80 μm. The strain-recovery (creep) analysis 

was performed by subjecting membranes to a stress of 0.5 MPa for 30 min, followed by a 

recovery period of 100 min with removed stress. The applied stress level was chosen to 

ensure that the creep measurements remained in the linear viscoelastic deformation 

regime of the stress-strain curves. A small preload force of 0.01 N was applied to keep the 

sample in the recovery regime. The creep and recovery curves were measured at 

temperatures also adopted for the filtration tests: 25 °C and 100 °C.  

The response during a stress application to a polymer film is frequently described by the 

four-element model of Maxwell and Kevin-Voigt, represented in Figure 7.2, as a spring 

and dashpot in series, intercalated by an element, combining a spring and dashpot in 

parallel.  

The response follows equation (7.1):  
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휀 =
𝜎

𝐸𝑀
+

𝜎

𝐸𝐾
(1 − 𝑒−

1

𝜏) +
𝜎

𝜂𝑀
𝑡    (7.1) 

where ԑ is the strain or deformation, σ is the applied stress, t is the time after loading, EM 

and ηM are the modulus and viscosity of the Maxwell spring and dashpot and T 1⁄4 ηK=EK 

is the retardation time, which is the time of the Kelvin-Voigt element to reach 63.21% (or 

1-e- 1) of its total deformation [35]. ηM and EK were estimated from the slope and the 

intercept of the time-dependent deformation in the region of equilibrium flow, 

respectively. The retardation time was estimated from the exponential portion of the 

viscoelastic response; ηK was calculated from T=ηK=EK. 

The molecular mobility of the membranes was also analyzed by DMA. For this, an 

oscillatory stress (σ) with a constant amplitude (15 μm) was applied to the sample, in 

tensile mode, during heating from room temperature to 350 °C with 1 °C min-1. The data 

were represented as the storage modulus (E’), representing the elastic component of the 

sample deformation and proportional with the energy stored by the material, and the loss 

modulus (E”) which is the viscous component and is proportional with the energy 

dissipated by the material [35], as in equations (7.2) and (7.3):  

𝐸′ =
𝜎

𝜀
 𝑐𝑜𝑠𝛿     (7.2) 

𝐸" =
𝜎

𝜀
𝑠𝑖𝑛 𝛿     (7.3) 
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where σ is the applied sinusoidal stress, ε is the measured strain, and δ is the phase lag 

between the stress and strain.  

The measurements were performed at 5 discrete frequencies taken equidistantly in a log 

scale in from 1 to 100 Hz.  

 
Figure 7.2. Maxwell and Kevin-Voigt model. 

 

7.2.3.5. Membrane performances 

The membranes performances were consecutively measured at different temperatures 

(from 25 to 105 °C), in DMF, using a dead-end cell, at a pressure of 5 bar. Before the 

measurements, the membranes were immersed in DMF for 30 min. The filtration area of 

the membranes was 0.95 cm2. The solvent permeated through the membranes during 

approximately 4 h at each temperature. The performances were reported as an average 

of 3 or 4 different measurements. The long-time stability was performed by direct heating 

the dead-end cell at 105 °C, and then the permeance was measured for 22h. The solvent 

permeance was evaluated using equation (7.4):  

𝐽 =
𝑄

𝐴 ∆𝑃
     (7.4) 
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where Q is the permeation rate (L h-1), A is the active filtration area (m2), and ΔP is the 

pressure (bar).  

The rejection was measured by filtrating a poly (ethylene glycol) (PEG) mixture with 

different molecular weights (0.6, 1.5, 3, and 6 kg mol-1) in DMF. The total PEG 

concentration in DMF was 1 g L-1. The rejection experiments were performed between 

1.5 h and 2.5 h before collecting the samples for analysis. The rejection (R) was evaluated 

using equation (7.5):  

 

𝑅(%) = (1 −
𝐶𝑝

𝐶𝑓
)  𝑥 100    (7.5) 

 

where Cp is the solute concentration in the permeates, and Cf is the solute concentrations 

in the feed. Gel permeation chromatography (GPC) was used to analyze the permeate 

samples and the feed. The GPC system was equipped with an Agilent refractive index 

detector, and DMF was used as a mobile phase at 45 
°
C. The GPC systems were calibrated 

with polystyrene standards.  
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7.3. Results and discussion 

 

We prepared organic solvent resistance (OSN) polytriazole membranes that are stable at 

high temperatures by using a simple and greener process compare with the conventional 

methods (Figure 7.1). The solvent, [EMIM] DEP, is relatively non-toxic, compared with the 

most common solvents used to prepare OSN membranes, such as NMP, DMF, DMSO, THF 

and strong acids [7, 26]. To crosslink the polytriazole membranes, we used BDG and 

PEGDE, which have low cost, are non-toxic and soluble in water. Therefore, from the point 

of view of the solvent and crosslinkers toxicity, we obtained OSN membranes by a more 

sustainable process, which is an essential gain in the membrane industry [23, 24, 36].  

The reaction with the two crosslinkers was investigated by FTIR. Figure A7.1 shows the 

FTIR spectra for the pristine and crosslinked membranes with BDG and PEGDE, 

respectively. The new peaks in the crosslinked membranes spectra at 2870–2928 cm-1 are 

characteristic of the aliphatic C–H stretching [37], and at 1090 cm-1 correspond to the 

ether groups of BDG and PEGDE [37], proving that the crosslinking reaction took place. 

These characteristic peaks are more intense in membranes crosslinked with PEGDE than 

in those crosslinked with BDG, due to the higher number of the CH2 and ether groups.  

To fully confirm the reaction and the structure of the crosslinked membrane, a more 

comprehensive investigation was conducted using solid-state nuclear magnetic 

resonance (SS-NMR) and X-ray photoelectron spectroscopy (XPS). Figure 7.3 illustrates 
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the 13C cross-polarization magic-angle spinning (CP MAS) and 2D 1H-13C heteronuclear 

correlation (HETCOR) NMR spectra for PTA-IL and PTA-IL-BDG membranes. The presence 

of new aliphatic carbon signals at δ = 72 and 29 ppm and new aliphatic protons signals at 

0.4 and 2.1ppm for PTA-IL-BDG membrane demonstrate the interaction between the BDG 

crosslinker and the polytriazole backbone. Moreover, the shifting of the peak 

characteristic to carbon in the C–O bond from 158 ppm to 161 ppm and the intensity 

decrease of this peak, together with the almost disappearance of the proton at 6.4 ppm, 

attributed to OH groups in the 2D 1H-13C HETCOR NMR, indicate that the crosslinking takes 

place through a ring-opening reaction between the epoxy ring and the OH groups (Figure 

7.3b). The signals at 133 and 126 ppm of the PTA-IL spectra (Figure 7.3a) and the signal at 

130 ppm of the PTA-IL-BDG spectra (Figure 7.3b) are correlated with the aromatic carbon 

of the backbone.  

The XPS results complement and reinforce the conclusions obtained by FTIR and NMR. 

Figure 7.4a and b shows the XPS spectra for C 1s signal of the PTA-IL and PTA-IL-BDG 

membrane. The intensity of the peak at 285.8eV, characteristic of the C-O bond, is higher 

for PTA-IL-BDG (Figure 2.4b) than for PTA-IL (Figure 7.4a), confirming that the crosslinker 

reacts with the polytriazole. In addition, the intensity of the peak at 287.4 eV, 

characteristic of C(triazole) [38], is higher for the crosslinked membranes, which might 

indicate that the epoxy ring reacts at least in part with the tertiary amines of triazole rings. 

The reaction of the crosslinker with the triazole rings is indicated by the presence of a 

new peak at 401.8 eV in the N 1s spectrum of the PTA-IL- BDG membrane (Figure 7.4d), 

which can be attributed to a quaternary ammonium [39]. These findings are in agreement 
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with our previous reported, where we reacted the copolyazole membranes with an epoxy 

silane derivate. We previously did not consider the possibility of the reaction of the OH 

groups with the epoxy rings and also the fact that the reported intermediate zwitterionic 

structure could finally lead to a quaternary ammonium structure, due to the protonation 

of the alkoxy groups [28].  

 

 
Figure 7.3. 13C CP MAS 2D 1H13C HECTOR NMR: PTA-IL and (b)PRA-IL-BDG. 
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Figure 7.4. XPS spectra for a) C 1s of PTA-IL; b) C 1s of PTA-IL-BDG; c) N 1s of PTA-IL-BDG. 

 

7.3.1. Membrane morphology 

SEM was used to investigate the morphology of the membranes. Figures 7.5 and 7.6 show 

the effect of the ionic liquid on the morphologies of the pristine and crosslinked 

membranes. For comparison, we also show the morphology of the membrane obtained 

with NMP, which is the frequently used as solvent. A higher pore density is seen on the 



 
 

 

280 

 

surface of PTA-IL membranes than on the surface of the PTA-NMP ones (Figure 7.5). The 

cross-section image shows a sponge-like morphology, compared with the finger-like 

structure seen for PTA-NMP. This is another advantage of using an ionic liquid to cast the 

polytriazole membranes. Besides the process sustainability, a sponge-like morphology is 

expected to promote better mechanical stability and less aging, increasing the lifetime of 

the membranes. The different morphologies observed with ionic liquid and NMP can be 

correlated with the kinetics of the water-ionic liquid exchange, which directly depends on 

the viscosities of the casting solutions. The kinetics affects the mechanism of phase 

separation and the formation of finger-like cavities in the membrane. Two mechanisms 

of phase separation are possible: spinodal decomposition (SD) and nucleation and growth 

(NG). SD is favored when the viscosity is low and the phase separation is fast. By SD, local 

composition fluctuations, leading to the formation of interconnected polymer-lean and 

polymer-rich phases with increasing composition difference. NG predominates when the 

viscosity is high and during the phase separation the system remains long in a metastable 

condition. In this case, polymer-lean nuclei are formed in a concentrated polymer matrix. 

The two mechanisms contribute to the distinct morphologies depicted in Figure 7.5 for 

membranes prepared with NMP and ionic liquid. Furthermore, when the solvent-non 

solvent exchange initiates, if the viscosity is low, the intrusion of water into the polymer 

solution might lead to the formation of finger-like cavities. When the viscosity is high, the 

water intrusion is slower and a sponge-like morphology is more probable.  

By comparing the morphology of the surfaces of the membrane before and after the 

crosslinking, we observed that the pore sizes reduce. This can be explained partially 
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because the crosslinking segments are attached to the pore walls and fill them, but also 

it is possible that during the crosslinking reaction the polymer chains are force to 

rearrange, which also can contribute to decreasing the pore size. In addition, the cross-

section images show that the structure of the membranes became tighter after the 

crosslinking reactions.  

The surface morphologies of the membranes crosslinked by BDG and PEGDE are similar 

(Figure 7.6). The cross-section images reveal a slightly tighter porous structure for the 

PTA-PEGDE membranes than for the PTA-BDG (Figure 7.6), probably because the PEGDE 

consists of a PEG longer segment, which accumulates on the pore walls when the 

crosslinking reaction is complete, resulting in a tighter structure.  
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Figure 7.5. Surface and cross-section SEM images of the membranes cast from solution in 

[EMIM][DEP] (first row) and NMP (second row). 
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Figure 7.6. Surface and cross-section SEM of crosslinked membranes. 

 

7.3.2. Membranes performances at high temperature 

 

The performances of the membranes crosslinked by BDG and PEGDE were investigated in 

a strong polar solvent (DMF) at a temperature range from 25 °C to 105 °C. Figure 7.7 

shows the pure DMF permeance under these conditions for the polytriazole membranes 

crosslinked with BDG and PEGDE. At 25 °C, the DMF permeances for the PTA-IL-BDG and 

PTA-IL- PEGDE are in the same range, being slightly lower in the case of PTA-IL- PEGDE 
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membrane, whereas by increasing the filtration temperature from 25 °C to 65 °C, a two-

fold increase of permeance is observed for both crosslinked membranes. For PTA-IL-BDG, 

the permeance increases from 4.2 Lm- 2h- 1 bar- 1 to 9.6 Lm- 2h- 1 bar- 1, while for PTA-IL- 

PEGDE it increases from 3.7 Lm- 2h-1 bar-1 to 6.7 Lm- 2h- 1 bar-1. A similar trend was 

observed for poly(ether ether ketone) and polybenzimidazole membranes when the 

temperature was increased from 30 °C to 85 °C [31]. When the temperature was 

increased from 65 °C to 85 °C the permeances increases to 10.6 Lm- 2h- 1 bar-1 for PTA-IL-

BDG and to 8.3 Lm- 2h- 1 bar-1 for PTA-IL-PEGDE. When the temperature further rose to 

105 °C, the permeance for PTA-IL-BDG remained prac- tically constant as 10.2 Lm- 2h-1 

bar-1 and for PTA-IL-PEGDE continued to increase to 9.3 Lm- 2h-1 bar-1.  
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Figure 7.7. Pure DMF permeance at different temperatures (25 C-105 °C) for PTA-IL-BDG 

and PTA-IL-PEGDE membranes. 

 

To exclude that any disruption of the crosslinked network would be responsible for the 

increase of permeance, we analyzed the membranes before and after filtration by FTIR, 

TGA, and SEM. In the case of PTA-IL- BDG membranes, Figure 7.8a shows that the FTIR 

spectra before and after filtration overlap, which indicates that no detectable chemical 

change took place during the filtration of DMF at 105 °C. Moreover, the high thermal 

stability of the membranes was also demonstrated by TGA, as shown in Figure 7.8b for 

PTA-IL-PEGDE. The first weight loss step in the TGA curve is associated with the crosslinker 

degradation [28, 29]; the second one around 500 °C is related to the polytriazole 

backbone. The curves before and after the filtration overlap. Therefore, we can conclude 
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that chemical degradation is not the cause of the increase of the permeance for PTA-IL-

PEGDE. The DMF viscosity decreases with the rise in temperature, and by the Hagen-

Poiseuille equation, the permeance of a porous membrane is inversely proportional to 

the viscosity. However, we saw that the decrease of the viscosity is not the only factor 

that causes the increasing of the DMF permeance at high temperature. The DMF 

permeation increases from 25 °C to 85 °C were about 2.3–2.5-fold for PTA-IL-BDG and 

PTA-IL-PEGDE, slightly above the effect expected due to the viscosity. Minor compaction 

after filtration was seen by SEM for PTA-IL-BDG membrane (Figure 7.8c), whereas for PTA-

IL-PEGDE membrane no change was observed at 105°C (Figure 7.8d). The higher 

permeance of PTA-IL-PEGDE at high temperature (105 °C) can be explained by the fact 

that the PEGDE is a longer segment and allows a higher mobility to the polytriazole chains, 

facilitating the solvent transport, while the BDG crosslinker is shorter, the crosslinking is 

tighter, also increasing the rigidity of the system as a whole.  
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Figure 7.8. Membrane characterization before and after filtration: (a) FTIR spectra for the 

PTA-IL-BDG; (b) TGA curves for PTA-IL-PEGDE; Cross-section SEM images for (c) PTA-IL-

BDG and (d) PTA-IL-PEGDE membranes. 

 

Figure 7.9 shows the molecular weight cut-off (MWCO) of the crosslinked polytriazole 

membranes, which were evaluated by using a mixture of PEG dissolved in DMF, at 

temperatures varying from 25 °C to 105 °C. The MWCO at 25 °C is 1000 g mol-1 for PTA-

IL-BDG and slightly lower than 1000 g mol-1 for PTA-IL-PEGDE (Figure 7.9a and b). At 65 

°C the MWCO for PTA-IL-BDG membrane increases to 1500 g mol-1, while for PTA-IL-

PEGDE it remains 1000 g mol-1. In summary, by performing the filtration at 65 °C instead 
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of 25 °C with a membrane crosslinked with PEGDE, we increased two times the 

permeance, without affecting the MWCO. At 85 °C, the MWCO is still in the nanofiltration 

range for both PTA-IL-BDG and PTA-IL-PEGDE, but is up to 30% higher, around 1500 g mol-

1. At 105 °C, the MWCO becomes 2500 g mol-1 for both crosslinking systems. The slight 

deterioration of the MWCO by increasing the temperature was also reported in the 

literature for poly (ether ether ketone) [31] and could be attributed to the fact that the 

solute affinity to the membrane changes and at the same time the mobility of the 

membrane polymer chains might increase. Therefore, the crosslinked membrane has 

superior permeance and rejection, when cast from solutions in the ionic liquid, than in 

NMP. We previously reported a DMF permeance of 9 Lm- 2h-1 bar-1 with an MWCO of 

3000 g mol-1 at room temperature [29]. The DMF permeances of PTA crosslinked 

membranes in this work, with a MWCO below 1000 g mol-1, are up to 10-fold higher than 

previous values reported for PEEK, PBI, and sulfonated poly(arylene ether sulfone) [31, 

32].  
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Figure 7.9. Rejection of different molecular weights of PEG during the filtration in DMF:(a) 

PTA-IL-BDG and (b) PTA-IL-PEGDE. 

7.3.3. Creep-recovery measurements 

One of the factors affecting the membrane performance and its durability in the OSN, 

particularly in the filtration of solvents at high temperatures, is the physical aging. The 

membrane aging of chemically stable membranes is more probably caused by the 

compaction under pressure and by the mobility of the polymer chains under stress, 

factors directly connected with the viscoelastic and mechanical properties [21, 24].  
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Figure 7.10. Creep recovery curves for membranes at (a) 25
°
C and (b) 100

°
C; c) 

experimental and fitted curve using the Maxwell and Kevin-Voigt model exemplified for 

a PTA-IL-PEGDE membrane at 100
°
C. 

 

 

 

Table 7.1. Creep parameters calculated with the four-elements model and the permanent 

strain ε∞ after strain recovery. 

Membrane T (°C) EM (MPa) 𝜂𝑀  

(MPa s) 

Ek (MPa) 𝜂𝐾   

(MPa s) 

T (s) ε∞ (%) 

 

PTA - IL  25 93 16,620 401.3 313 78 0.2 
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PTA – IL – 

BDG 

 178 234,908 148.5 275 185 0.05 

PTA – IL – 

PEGDE 

 180 58,525 625.2 524 84.5 0.13 

PTA – IL 100 75 6122 96.9 42 43.7 0.45 

PTA – IL – 

BDG 

 139 736.1 104.5 80 76.3 0.15 

PTA – IL – 

PEGDE 

 149 8322 108.5 90 60.4 0.22 

 

One of the best ways to evaluate the potential deformability of the membranes in 

operation at different temperatures is the creep-recovery analysis. While a reversible 

deformation may have a positive effect for example by facilitating the diffusion-based 

permeation, the irreversible creep is correlated with a permanent deformation and, 

consequently, with the membrane impairment. The creep and recovery curves, measured 

at the same temperatures adopted for the filtration tests, 25 °C and 100 °C, are 

represented in Figure 7.10 and Table 7.1. When the membrane is subjected to stress, 

there is an initial instantaneous elongation, followed by a retarded elongation. The 

elongation (strain) happens with the stretching of the polymeric chains. The Maxwell 

spring describes the elastic, reversible response, and its elasticity modulus EM is σ/ε1, 

where ε1 is the instantaneous creep strain. As expected, the results show that the 
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crosslinking improved the elasticity of the membranes. This regime is followed by a 

retarded increase of the strain, which gives information on the viscoelastic response, 

modeled by spring and dashpot elements in parallel. The last part of this time-dependent 

deformation represents the equilibrium flow region and is described by in-series 

dashpots. Its viscosity ηM is related to the irrecoverable creep strain and is higher for the 

crosslinked membranes, which indicates a lower flow compared with the pristine 

membrane. For the time-dependent relaxations, which can be associated with the local 

mobility of the material, the values of retardant elasticity EK and the relaxation time 

indicate an improved stiffness of the crosslinked membranes, even at high temperatures. 

When the applied loading is released, the strain is instantaneously in part reduced, 

corresponding to the recovery of the elastic element, followed by a time-dependent 

recovery due to time-dependent molecular reorientations. The values of the permanent 

strain ε∞, obtained at the end of the recovery period, are reduced for the crosslinked 

membranes, in agreement with the increased values of the viscosity ηM of the Maxwell 

element. These observations suggest reduced plasticity or deformability of the 

membrane that can be corroborated with the membrane resistance in harsh conditions, 

like high temperature and organic solvent medium.  
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Figure 7.11. DMF permeance for 22h through a PTA-IL-PEGDE membrane at 105 °C. 

 

To correlate the creep recovery properties of the membranes with the physical aging and 

compaction, we permeated DMF for 22 h through the membranes at 105 °C (Figure 7.11). 

We obtained a constant permeance value during the experiment, which indicates no 

significant physical aging and compaction. Besides, it demonstrates that the flexible 

crosslinker enhances the membrane mechanical stability. It is interesting to compare the 

behavior of polytriazole at high temperature in DMF with that of crosslinked polyimide 

XP84, which is one of the most common polymers used in organic solvent applications. In 

experiments reported with crosslinked polyimide, the methanol flux decreases more than 

50% at room temperature over the 9 h [3].  

Moreover, negligible aging was detected at high temperature for the crosslinked 

polytriazole membranes (PTA-PEGDE), similar to the state-of-the-art membranes based 

on PEEK and PBI [31], with the advantage that the polytriazole membranes can be 
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prepared using a sustainable process. Therefore, the polytriazole system might be a 

promising candidate for this application.  

7.3.4. Dynamic mechanical measurements 

 

We used dynamical mechanical analysis (DMA) to investigate the mechanical properties 

of the membranes and to correlate the membrane performances with the mobility of the 

crosslinked polytriazole chains at high temperatures. Besides, we used DMA to 

understand the differences in DMF permeance between the two crosslinkers. Figure 

7.12a shows the storage modulus (E0) for PTA-IL, PTA-IL-BDG, and PTA-IL-PEGDE as a 

function of temperature at 1 Hz. The E0 values at room temperature for the crosslinked 

membranes are 200 MPa for PTA-IL-BDG and 180 MPa for PTA-IL-PEGDE, which are higher 

than for the PTA-IL (144 MPa). These data confirm that, by crosslinking, we obtained 

membranes with higher elasticity and, therefore, less irreversibly deformable when 

submitted to stress. This elasticity is even higher for PTA-IL-BDG, while when a relative 

longer crosslinker was used more flexible membranes are obtained. To demonstrate that, 

by using ionic liquid, we obtained membranes with better mechanical properties, we 

measured the storage modulus of a membrane cast from NMP and then crosslinked with 

PEGDE (PTA-NMP-PEGDE). The modification and testing conditions were similar to those 

of PTA-IL-PEGDE. Although PTA-NMP-PEGDE shows identical behavior over a full range of 

temperature at 1Hz (Figure 7.12a), the values of the storage modulus for the PTA-NMP-

PEGDE are smaller, compared with that of PTA-IL-PEGDE. This indicates that the 
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crosslinked membranes prepared with the ionic liquid are less deformable than when 

made with NMP. For the PTA-IL membrane, E0 slowly decreases as the temperature 

increases up to 345 °C (Figure 7.12a). In addition to the E’ values, the loss modulus (E00) 

representation at multiple frequencies in Figure 7.12b–d helps to distinguish between the 

processes taking place during heating. The loss modulus (E00) curves in Figure 7.12b–d has 

distinct features. First, in the lower temperature range, a broad and low-intensity peak is 

observed for pristine membranes, while narrower peaks of higher intensity are noted for 

the crosslinked membranes. These peaks shift to higher temperatures with increasing 

frequency, thus indicating its relaxation nature. They are probably associated with the 

polymer and crosslinker segments mobility or the freedom of rotation of the constituting 

groups. A relaxation of this kind is a thermally activated rate process, as previously 

suggested for other polymers [40, 41]. Secondly, additional E” peaks start to develop 

above 250 °C and have a frequency independent character, thus indicating a non-

relaxation process.  
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Figure 7.12. DMA characterization of the membranes: (a) Storage modulus (E') for the 

pristine and crosslinked membranes at 1 Hz; Loss modulus (E") at different frequencies 

for (b) PTA-IL, (c) PTA-IL-BDG and (d) PTA-IL-PEGDE membranes. 

 

Regarding the relaxation processes, for polymers like polyimides [42, 43], thermally 

rearranged polyimides [44] and polyoxadiazoles [45], the broad relaxation in the range of 

100–170 °C has been considered a β-relaxation, assigned to the local mobility of the main 

polymeric backbone. This relaxation involves portions of the repeat unit that oscillate in 

a correlated manner [46, 47], giving rise to cooperative conformational transitions, which 

include nearby bonds and do not disturb the overall trajectory of the chain [48].  
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For the PTA-IL membrane, the local chain mobility (β-relaxation) is frequency-dependent. 

It starts bellow 50 °C at a frequency of 1 Hz and can go up to around 225 °C when 

measured at 31 Hz. The onsets of the β-relaxation for the crosslinked membranes, PTA-

IL-BDG and PTA-IL- PEGDE, are respectively marked with an arrow in Figure 7.12c and d. 

The β-relaxation for these membranes begins at 75 °C and 100 °C, respectively, pointing 

out that the crosslinking partially inhibits the local mobility or rotational freedom. β-

relaxation processes relative to segments analogous to those constituting the BDG and 

PEGDE crosslinkers themselves, such as poly(ethylene glycol)s, would be expected at a 

much lower temperature [49].  

The relevance of local mobility probed by dynamic mechanical analysis on the membrane 

transport characteristics has been reported before in gas diffusion investigations. For 

instance, for aromatic poly (amide-imide)s membranes, a good correlation between gas 

permeability and the secondary local transition temperature has been found [50]. 

Similarly, it has been shown that more intense β-relaxation processes could be correlated 

to a higher oxygen permeability of polyester-based membranes [51]. Moreover, Kim et 

al. [52] mentioned the importance of the polymeric local chain mobility on the membrane 

gas permeability and emphasized that the local polymer chain motions may affect more 

the gas diffusion than the free volume in the case of bisphenol-A-polycarbonate 

copolymers [52]. In our case, we observed that the β-relaxation for the PTA-IL-BDG  and 

PTA-IL-PEGDE membranes correlates with the solvent diffusion through the membrane 



 
 

 

298 

 

measured at high temperatures (65°C –105 °C). In this case, the faster-coupled motion of 

the polymeric units together with BDG segments (with the onset at 75°C) might promote 

a faster diffusion of DMF, than in the case of polymeric units crosslinked with PEDGE 

segments (onset of β-relaxation at 100 °C). This could explain why for the PTA-IL-BDG 

membranes the permeance increased to 9.6 Lm
- 2h

-1 
bar

-1  at 65 
°
C, and above this 

temperature the increase in permeance is not significant, remaining constant after 85 °C. 

In contrast, the β-relaxation at a higher temperature for the PTA-IL-PEGDE membranes 

explains why, after 85 °C, we still have an increase of permeance from 8.3 Lm- 2h-1 bar-1  

to 9.3 Lm- 2h-1 bar-1. However, the DMA experiments were performed with dry 

membranes, and we cannot exclude that in the DMF filtration, the relaxation behavior 

could be more complex due to a potential DMF plasticization of the polymeric chains and 

enhanced local mobility.  

To further prove that the increase of the permeance with increasing temperature is in 

close correlation with the mobility of the polymer backbone and crosslinkers segments 

(β-relaxations) and is not only due to a decreasing DMF viscosity, we estimate the 

permeance values at high temperature (PT) by considering the permeance value at 25°C 

(P25), multiplied by the viscosity (μ) ratios according to equation (2.6) [31, 53]:  
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𝑃𝑇 =  𝑃25
𝜇25

𝜇𝑇
      (2.6) 

The permeance values calculated by equation (4) are presented in Table 7.2. In all cases, 

the permeance increases with the temperature. However, for PTA-IL-BDG at 65 °C, which 

is close to the onset temperature of β-relaxations (Figure 7.12c), the experimental value 

is much higher than that calculated by equation (4). Thus, we assume that the higher 

permeance is governed more by the mobility of the crosslinker, rather than only the 

viscosity changes. For the PTA-IL-PEGDE at 65 °C, the experimental values are close to 

those calculated by equation (4), while at 85 °C, which is the onset temperature of β-

relaxations (Figure 7.12d), the values are much higher. These indicate that for PTA-IL-

PEGDE membranes up to 65 
°
C the increase of permeances is influenced more by the 

reduction of the DMF viscosity, while at 85 °C, and above, the increase of the permeance 

is due to the mobility of PEG segments. Therefore, we experimentally demonstrate by 

using DMA, that an important factor in increasing the permeances in OSN applications is 

played by the sub-glass relaxations, which are correlated with the mobility of the polymer 

chains and mobility of the crosslinkers segments.  

Compared to the pristine membrane, other peaks are observed in the DMA for the 

crosslinked membranes, in addition to the β-relaxations discussed above: 1) for the PTA-

IL-BDG, a narrow frequency-dependent relaxation peak can be seen at 230–250 °C (Figure 
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7.12c). Shifting to higher temperatures is observed as the frequency increases, indicating 

that the associated process requires activation energy. 2) for PTA-IL-PEGDE, an additional 

non-relaxation process starting at 175–225 °C is observed. The process is characterized 

by an E” maximum at about 250 °C, which does not shift with a frequency variation. This 

might be related to an additional PEGDE crosslinking, taking place in this temperature 

range  

 

Table 7.2. Permeances of crosslinked membranes calculated according to equation (6). 

Temperature 

(°C) 

Viscosity (mPa s) PTA-IL-BDG  

permeance (L m-2 h-1 bar-1) 

PTA-IL-PEGDE  

permeance (L m-2 h-1 bar-1) 

25 0.864 4.2 3.7 

65 0.559 6.5 5.7 

85 0.470 7.7 6.8 

 

However, the last-mentioned processes take place above the temperature of the 

filtration experiments and are not relevant to the present study. The non-relaxation 

processes that appear for crosslinked membranes at temperatures higher than 250 °C in 

DMA are correlated with the decomposition of the crosslinking segments. This statement 
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is supported by the thermogravimetric analysis presented in Figure A7.2 and by the 

previously reported studies [28, 29].  

 

7.4. Conclusions 

 

In summary, we demonstrated the synthesis of crosslinked polytriazole membranes by a 

sustainable process using greener solvents and greener crosslinkers. The crosslinked 

membranes have high creep recovery with lower permanent deformation at 25 °C and 

100 °C, which is correlated with insignificant physical aging and compaction when DMF 

was permeated for 8 h through the membranes at 105 °C. Moreover, we showed that, by 

using dynamic mechanical analysis, it is possible to correlate the performance of the 

membranes at high temperatures with the mobility of the crosslinked polytriazole 

backbone. The obtained crosslinked polytriazole membranes performed well at high 

temperature (100 °C) in strong polar solvents such as DMF, meeting the requirements of 

organic solvent applications, indicating that this class of polymeric membranes is 

promising for this type of applications.  
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CHAPTER 8 

Conclusions 

 

8.1 General conclusions 

 

This work proposed different aspects of greener membrane manufacture, as valid 

alternative to the classical organic solvent which are related to VOCs and toxicity. 

We demonstrate a simple, environmentally friendly and cost-effective alternative for 

various membranes preparation. We were able to form integrally-skinned-asymmetric 

membranes as well as hollow fibers and thin film composites. 

This last chapter highlights the main achievements. 

 

8.2. Major findings 

 

● In Chapter 2 we focused in the development of cellulose hollow fibers in three 

different ionic liquids solutions. Here, cellulose substrate is already intrinsically 

solvent resistant, thus, does not need any further chemical crosslinking. 

The use of ionic liquids helped in manufacturing porous macro-void-free hollow 

fibers via NIPS method. We used flat sheet membranes to investigate the 

membrane crystallinity and chemical resistance. Moreover, with cryo-SEM we 

showed the real structure of the porous hollow fibers for the first time. 
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Finally, with Hansen solubility parameters and the Donnan effect we explained the 

negative rejection in presence of alcohol solution. 

 

● In chapter 3 we demonstrated the potential applicastion of cellulosic substrate in 

the flat sheet and hollow fibers configuration for produced water recovery from 

oil-water emulsion under various conditions. 

Here we studied the influence of different oil concentration, surfactant and pH 

range. 

When we used a negatively charged surfactant, a lower permeance decline was 

obtained. 

Flat sheet membranes manufactured with 2 wt % of cellulose dope solution 

resulted in the highest pure water permeance as well as produced water.  

In this chapter we also summarize the importance of using non-volatile solvents 

for membrane preparation and report a collection of works based on ionic liquids 

as a replacement of common organic solvents. 

 

● In Chapter 4, we prepared cellulose hollow fibers from ionic liquid dope solution 

for ion-exchange chromatography application. 

Due to its hydrophilicity, cellulose is considered among the best materials for bio-

based applications and protein purification. 

Here we focus on the pore size tuning by membrane phase inversion in high 

temperature coagulant with 10 and 12 wt % concentration. The results were 
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proven by cryo-SEM images, showing that pore size decreases inversely with 

polymer concentration and increments with the coagulant temperature increase. 

We further functionalized the membranes with sulfonic group with 

environmentally friendly reaction in aqueous solution. The obtained hollow fibers 

showed high sorption and desorption capacity with lysozyme. 

This methodology has the potential to be extended for continuous ion exchange 

chromatographic modules. 

 

● In Chapter 5 and 6 we target the preparation of thin film composite membranes 

with naturally extracted green solvents. Here we use extracted organic acid 

solvents with long aliphatic chain for dissolution of classical TMC to replace 

hexane.  

We performed FTIR and XPS analysis to confirm the correct occurring of the 

interfacial reaction. In addition, we investigated the formation of continuous 

polyamide thin film with SEM and TEM. When oleic acid was used for the organic 

phase, a self-assembly phenomenon was noticed.  

In addition, a we demonstrated the successful ability of the membranes to 

perform in the nanofiltration range in the presence of organic solvents with 

enhanced permeabilities. 

 

● In chapter 7, we reported the green manufacture and crosslinking of polytriazole 

flat sheet asymmetric membranes. The membrane chemical modification was 
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carried out with two different water-soluble reagents, differing in chain length. 

Afterwards, the reaction was investigated with FTIR, NMR and XPS analysis. 

SEM imaging was performed to study the structural difference when using classic 

NMP or ionic liquids in the casting solution. The same technique was used to 

investigate the porosity differences before and after crosslinking reaction. 

Thermogravimetric analysis was used to observe the membrane stability before 

and after filtration at 105 °C in DMF solution. Dynamic mechanical analysis showed 

the high creep-recovery and almost zero physical aging of the crosslinked 

membranes. Finally, the membranes showed a good MWCO in organic solvents at 

different temperatures. 

 

 

8.3. Recommendation for future work 

 

Ionic liquids are a proven and solid alternative to common organic solvents as they have 

been extensively investigated with various solvent/polymer combination. However, their 

high cost is a considerable drawback for the membrane scale-up or large-scale 

production. 

On the other hand, deep eutectic solvents are being more and more investigated to 

replace ionic liquids, due their similar physiochemical characteristics, lower production 

costs and higher biodegradability. Therefore, this class of solvents can be a valid 

alternative to replace classical organic solvents in the membrane industry. 
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Several sectors such as chemical synthesis, biotransformation, gas adsorption, biodiesel 

purification are looking at DES as a potential future candidate. Nowadays, several 

attempts involve the use of DES for lignocellulosic materials dissolution for the wood 

industries. However, only a low extent of dissolution is so far achieved. Additionally, due 

to their low solvation power towards polymeric materials, the application they find in the 

membrane sector is as a pore filler for gas separation/adsorption. Another drawback is 

represented by the high viscosity of the solvent. High temperatures are required to have 

uniform and processable solutions. 

Although these solvents are not able to dissolve polymers, they might be suitable for 

monomeric dissolution. In interfacial polymerization reaction only low monomeric 

concentration are needed for the network formation. Thus, it can represent a potential 

sector to be explored by DES solvents. In addition, organic naturally extracted solvents as 

oleic and decanoic acid used in chapter 5 and 6 are also a good alternative.  

In conclusions, deep eutectic solvents and naturally extracted solvents, are a valid 

potential green alternative to the common organic solvents in the membrane industry. 
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APPENDICES 

Appendix 2 

 

 

 
Figure A2.1. DMF permeance measured up to 24 h for hollow fibers prepared from dopes 

with [EMIM][DEP]. 
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(a)                                                                        (b) 

 

Figure A2.2. Cellulose/[EMIM][Ac] membrane permeation of dyes solutions (a) in water, 

and (b) in ethanol. 

 

     
 
 

(a)                                                                     (b) 
 

 
Figure A2.3. Cellulose/[EMIM][DEP] membrane permeation of dyes solutions (a) in water, 

and (b) in ethanol. 
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(a)                                                                     (b) 
 

Figure A2.4. Cellulose/[DMIM][DMP] membrane permeation of dyes solutions (a) in 

water, and (b) in ethanol.  
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Appendix 3 

Solvents toxicity  

Table A3.1 classifies the solvent toxicity, following the Hodge and Sterner classification, 

quantified by LD50 values. LD50 is the dose of a chemical, which kills 50% of test animals, 

usually rats or mice, and LC50 is the concentration in air or water of the chemical, at which 

50% of test animals are killed. The values are different, significantly depending on the 

dose methods: oral, dermal, and inhalation and animals: rats, mice, rabbits, etc. The lower 

values of LD50 and LC50 denote more toxic chemicals. [1] Among several scales for 

understanding how toxic the chemical is to human, the Hodge and Sterner toxicity scale, 

developed based S2 on LD50 values (oral and rats), is commonly used. According to this 

toxic scale, DMF is an undesirable aprotic organic solvent; NMP and DMAc are slightly 

toxic; DMSO is categorized as a usable solvent, or relatively harmless. A preferred solvent, 

such as DMC is rated as a practically non-toxic solvent. 
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Table A3.1. Acute toxicity of common organic solvents. 

 
Solvents 
(category in 
Table 4.1) 

1272/2008 EC 

Relevant 

toxicological 

information 

Reason for 
inclusion 
(REACH) 

LD50 (Oral- 
Rats) 

LC50 

(Inhalation- 
Rats) 

Vapor 
pressur
e 
(mmHg) 

DMF 

(undesirable) 
Germ cell 
mutagenicity
: mouse, 
lymphocyte; 
Mutations in 
mammalian 
somatic cells 

Toxic for 
reproductio
n 

2800 mg 

kg−1  [2] 

9400 mg/m3/2h 
(4.7 ppm/h) in 
MSDS 

2.7 
(20 °C) 

NMP 

(undesirable) 
Damage to 
fetus possible 

Toxic for 
reproductio
n 

∼4000 mg 

kg−1 [3, 4] 

> 5.1 ppm/4h 

(1.275 ppm/h) 
[5] 

0.29 

(20 °C) 

DMAc 

(undesirable) 

May cause 
congenital 
malformation to 
the fetus; 
Presumed toxic 
to human 
reproduction 

Toxic for 
reproductio
n 

4,930- 

5,809 mg 

kg−1 [6] 

2.2 ppm/1h 
in MSDS 
(8.8 ppm/ 4h) 

2 

(25 °C) 

 

1.5 
(20°C) 

DMSO 

(usable) 

- Negative 
results [7] 

14,500 mg 

kg−1in 

MSDS 

1600 
mg/m3/4 h in 
MSDS 
(0.4 ppm/h) 

0.42 

(20 °C) 

DMC 

(preferred) 

- Negative 
results 

13,000 mg 
kg−1 in 

MSDS 

140 ppm/4 h 
(35 ppm/h) 

42 
(20°C) 

Sources (modified): 1272/2008[8], the Registration, Evaluation, Authorization and Restriction of 
chemicals (REACH) [9], and references, MSDS and the vapor pressure data from Sigma Aldrich 

 
Hodge and Sterner toxicity scale 

 

Toxicity rating Toxicity term LD50 (Oral, rats) mg/kg 

1 Extremely Toxic 1 or less 

2 Highly Toxic 1-50 

3 Moderately Toxic 50-500 

4 Slightly Toxic 500-5000 

5 Practically Non-toxic 5000-15,000 

6 Relatively Harmless 15,000 or more 
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Green solvents for membranes manufacture 
 

Table A3.2. Advantages and disadvantages of alternative solvents. 
 

Solvents Key solvent 
properties 

Ease of 
separatio
n and 
reuse 

Health and safety Cost of use Cradle to grave 
environmental 
impact 

scCo2 Poor solvent 
for many 
compounds; 
improved with 
co-solvents or 
surfactants 

Excellent Non-toxic; high 
pressure 
reactors 
required 

Energy cost is 
high, needs 
special 
reactors, but 
CO2 is cheap 
and abundant 

Sustainable 
and globally 
available, no 
significant end 
of life concerns 

Ionic 
Liquids 

Designer/tailor 
made 
properties 

Easy 
separation 
from 
volatile 
products 
by 
distillation; 
Possible by 
extraction, 
adsorption 

Limited data 
available; some 
are flammable 
and/or toxic 

Expensive, but 
low-cost 
versions may 
become 
available 

Mainly sourced 
from 
petroleum but 
some 
sustainable 
variants exist, 
synthesis may 
be energy 
intensive 

Fluorous 
media 

Non-polar 
solutes only; 
best used in 
biphasic 
systems 

Readily 
forms 
biphases
; may be 
distilled 

Bioaccumulative 
greenhouse gases; 
perfluoropolyether
s thought to be 
less problematic 

Very expensive Very resource 
demanding; 
may persist in 
environment 

Water Possible to 
dissolve at 
least very small 
quantities of 
many 
compounds; 
generally poor 
for non-polar 

May be 
separated 
from most 
organics; 
purification 
may be 
energy 
demanding 

Non-toxic, non- 
flammable and 
safe to handle 

Very low cost; 
energy costs 
high 

Sustainable 
and safe to the 
environment; 
may need 
purification 

Bio- 
sourced 
solvent
s 

Wide range: 
ethers, 
esters, 
alcohols and 
acids are 
available 

May be 
distilled 

Generally low 
toxicity, can be 
flammable 

Mixed cost will 
decrease with 
greater market 
volume and 
biotech 
advances 

Sustainable 
resources 
biodegradable, 
VOCs will 
cause 
problems 

Adapted from ref. [10]
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2 2 4 3 

6 

 

Ionic liquids 

 

The structure and physical properties of ionic liquids, such as the melting points, 

viscosity, and hydrophilicity, can be tunable, by simply changing the length and number 

of the alkyl side chain (R group) in cations or the composition of cation and anion. [11] 

Huddleston et al. [12] compared the physical properties of ionic liquids with different 

chain length of 1- alkyl-3-alkylimidazolium group in cations and anions, as shown in Table 

4.5. Based on the data of water miscibility and surface tension, the choice of anion and 

substituents (R1,2 group) in cations influences the hydrophobicity. Hydrophilicity increases 

when the chain length of 1- alkyl (R1) and 3-alkyl (R2) imidazolium decreases and is 

influenced by the selection of anions such as halide (Cl-, Br, and I-), nitrate (NO3), acetate 

(CH3CO2 -), trifluoroacetate (CF3CO2 -), tetrafluoroborate (BF4 -), triflate (CF3SO3 -), 

hezafluorophospate (PF6 -), and bis(trifluoromethylsulfonyl)imide [(CF3SO2)2N-].[13, 14] 

Furthermore, the melting point depends on the chain length of 1- alkyl group in cations 

and the degree of the cation’s symmetry. For example, if the alkyl chain length is longer, 

the melting points of 1-alkyl-3-alkylimidazolium hexafluorophosphates (PF6) [15], 

tetrafluoroborates (BF4) [16], and tetrachloroaluminate (AlCl4) decrease. The symmetric 

structure of cations significantly influences their melting temperature. [16-18] For 

instance, the melting points of symmetrical ([N1111] (CF3SO2)2N) and asymmetrical ([N1124] 

(CF3SO2)2N) quaternary ammoniums are 133 and -8 oC, respectively. Similarly, 

symmetrical ([MMpyr] (CF3SO2)2N) and asymmetrical ([BMpyr] (CF3SO2)2N) pyrrolidinium 

are 132 and -18 oC, respectively.
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Figure A3.1. Most commonly used combinations of cations and anions in ionic liquids 

(adapted from ref.[18]).
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Table A3.3. Physical properties of selected ionic liquids. 

 
Ionic liquid Carbo

n 
atoms 
in R1,2 

(n) 

Water miscibility 
(water in ppm) 

Melting 
point 
(oC) 

Viscosity 
(cP) 

Surface 
tension 

(dyn cm-1) 

[BMIM]Cl 4 Miscible 41 - - 

[HMIM]Cl 6 Miscible - 716 43 

[OMIM]Cl 8 Miscible - 337 34 

[BMIM]I 4 Miscible -72 1110 54.7 

[EMIM]BF4 2 - - 154 (20 oC) - 

[BMIM]BF4 4 Miscible -81 233 (20 oC) 47 

[HMIM] BF4 6 - - 314 (20 oC) - 

[EMIM] PF6 2 - 58-60 - - 

[PMIM] PF6 3 - 40 - - 

[BMIM]PF6 4 (11700) 10 371 (20 oC) 49 

[HMIM]PF6 6 (8837) -61 680 (20 oC) 43 

[OMIM]PF6 8 (6666) - 866 (20 oC) 37 

[EMIM] Tf2N 2 - 4 - - 

[BMIM]Tf2N 4 (3280) - 69 38 

[MMIM]AlCl4 1 - 125 - - 

[EMIM]AlCl4 2 - 84 - - 

[PMIM]AlCl4 3 - 60 - - 

[BMIM]AlCl4 4 - 65 - - 

[BBIM] AlCl4 R1 (n=4), 
R2(n=4) 

 
55 

  

[N1111] 
(CF3SO2)2N 

  133   

[N1124] 
(CF3SO2)2N 

  
-8 

  

[MMpyr] 
(CF3SO2)2N 

R1 (n=1), 
R2(n=1) 

 
132 

  

[BMpyr] 
(CF3SO2)2N 

R1 (n=4), 
R2(n=1) 

 
-18 
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Sources: [12, 17]
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Table A3.4. Summary of methods used for recovery and recycling of ionic liquids (ILs) 

(adapted from ref. [19]). 

Methods Comments Advantages Disadvantage 

Distillation    

Distillation of volatile solutes 
/ impurities in ionic liquids 

Volatile 
compounds/impurities 
are distilled while ILs are 
remained as residual 

Simple, rapid, and 
robust method 

Energy consuming 
method Partial 
decomposition 

Extraction    

Solvent extraction Organic solvent/water 
are used to extract 
various compounds from 
ILs 

Simple, no complex 
equipment, 
controlled, selective 
recovery 

Emulsion formation, not 
efficient, loss of 
compounds, complicated, 
laborious, pre- 
concentration step required 

CO2 extraction Various non-volatile, 
thermal sensitive 
compounds in ILs are 
extracted by supercritical 
CO2 

Green process with good 
extraction quality, efficient, 
selective, minimized 
product degradation, 
eliminates solvent residues 

High cost, technical skill 
required 

Adsorption    

Adsorption/desorption 
process 

Various adsorbents are 
used to adsorb ILs from 
dilute stream. A desorption 
step with solvent is carried 
out 

Robust, relatively easy 
to operate 

Require equilibrium 
adsorption and 
desorption data; 
desorption solvent 

Chromatography Batch or continuous 
chromatography are used to 
separate ILs and other 
solutes based on different of 
their adsorption isotherm 

Robust, easy to operate; 
efficient, non-
disruptive, selective 
method 

Equipment complexity; 
concentration step is 
required 

Induced Phase Separation    

Salting-out process Electrolytes or salts are 
introduced into ILs aqueous 
solution to form aqueous 
bi- phases system 

Simple, effective; using less 
expensive inorganic salts 

Environmental problems of 
high inorganic salt in salt-rich 
phase 

Carbon dioxide CO2 are introduced to 
induce a phase separation 
including ILs, solute and CO2-
rich phase 

Green process; CO2 can be 
recycled; minimized 
degradation 

High cost, technical skill 
required 

Temperature Some aqueous solution of ILs 
possess LCST phase behavior 
that can be separated into 
different phases by changing 
the temperature 

Simple, ease of 
operation, less energy 
consumption 

Restrict to some special ILs 
system 

Membrane based process    

Nanofiltration Two operation modes 
where ILs is permeated or 
retained 

Simple, less energy and 
solvents demand 

Relatively low flux and 
recovery yield 
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Electrodialysis Ionic selective migration 
through ion-exchange 

Low energy consumption, 
osmotic pressure is not a 
limited factor 

Elaborate control is 
required, material for 
membranes and stack is 
important 

 

 membranes with the aid of 
an electrical driving force 

  

Reverse osmosis Pressure driven process Low energy requirement; 
compact and less space 
requirement; modular 
design 

Require pretreatment of 
mixture; limited by 
osmotic pressure 

Pervaporation Separation by partial 
vaporization through 
selective membrane 

Effective for concentrating 
ILs 

Require large membrane area 

Other techniques    

Magnetic separation Magnetic ILs are recovered 
by applying magnetic fields 

Simple, low energy 
consumption 

Only applied for ILs that 
response to magnetic 
field 

Centrifugation Separation of 
emulsion containing 
ILs 

Simple, low energy 
consumption 

Less effective, low processing 
rate 
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List of abbreviations for ionic liquids 

 

 

[EMIM]OAc 1-ethyl-3-methylimidazolium acetate 

[MMIM]DMP 1,3-dimethylimidazolium dimethylphosphate 

[EMIM]DEP 1-ethyl-3-methylimidazolium 

diethylphosphate [EMIM]SCN 1-ethyl-3-methylimidazolium 

thiocyanate [BMIM]SCN 1-butyl-3-methylimidazolium 

thiocyanate [OMIM]SCN 1-octyl-3-methylimidazolium 

thiocyanate [BMIM]Cl 1-buthyl-3-methylimidazolium chloride 

[HMIM]Cl 1-hexyl-3-methylimidazolium chloride 

[OMIM]Cl 1-octyl-3-methylimidazolium chloride [BPy]Cl

 1-butyl pyridinium chloride 

[BMIM]Br 1-butyl-3-methyl imidazolium bromide 

[HMIM]Br 1-hexyl-3-methyl imidazolium bromide 

[OMIM]Br 1-octyl-3-methyl imidazolium bromide 

[BPy]Br 1-butyl pyridinium bromide 

[BMPy]Br 1-butyl-3-methyl pyridinium bromide 

[HMPy]Br 1-hexyl-3-methyl pyridinium bromide 

[OMPy]Br 1-octyl-3-methyl pyridinium bromide 

[BMMPy]Br 1-butyl-3,5-dimethyl pyridinium bromide  

  



 
 

 

330 

[BMIM]I 1-buthyl-3-methylimidazolium iodine  

[EMIM]BF4 1-ethyl-3-methylimidazolium 

tetrafluoroborate [BMIM]BF4 1-butyl-3-methylimidazolium 

tetrafluoroborate [HMIM] BF4 1-hexyl-3-methylimidazolium 

tetrafluoroborate NaBF4 Sodium tetrafluoroborate 

NaPF6 Sodium hexafluorophosphate 

[EMIM] PF6 1-ethyl-3-methylimidazolium hexafluorophosphate 

[PMIM] PF6 1-propyl-3-methylimidazolium 

hexafluorophosphate [BMIM]PF6 1-butyl-3-methylimidazolium 

hexafluorophosphate [HMIM]PF6 1-hexyl-3-methylimidazolium 

hexafluorophosphate [OMIM]PF6 1-octyl-3-methylimidazolium 

hexafluorophosphate 

[EMIM] Tf2N 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

[BMIM]Tf2N 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

[MMpyr] (CF3SO2)2N 1,1-dimethylpyrrolidinium bis(trifluoromethylsulfonyl)imide 

[BMpyr] (CF3SO2)2N 1,1-butyl methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 

[N1111] (CF3SO2)2N Tetramethylammonium bis(trifluoromethylsulfonyl)imide [N1124] 

(CF3SO2)2N N-ethyl-N,N-dimethyl-1-butanaminium 

bis(trifluoromethylsulfonyl)imide
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[MMIM]AlCl4 1-methyl-3-methylimidazolium 

tetrachloroaluminate [EMIM]AlCl4 1-ethyl-3-methylimidazolium 

tetrachloroaluminate [PMIM]AlCl4 1-propyl-3-methylimidazolium 

tetrachloroaluminate [BMIM]AlCl4 1-butyl-3-methylimidazolium 

tetrachloroaluminate [BBIM] AlCl4 1-butyl-3-butylimidazolium 

tetrachloroaluminate [BMIM]NO3 1-butyl-3-methylimidazolium nitrate 

[HMIM]NO3 1-hexyl-3-methylimidazolium nitrate 

[OMIM]NO3 1-octyl-3-methylimidazolium nitrate 

[BMIM] N(CN2)2 1-butyl-3-methyl imidazolium dicyanamide 

[BPy]N(CN2)2 1-butyl pyridinium dicyanamide 

[BMPy]N(CN2)2 1-butyl-3-methyl pyridinium dicyanamide 

[BMMPy]N(CN2)2 1-butyl-3,5-dimethyl pyridinium dicyanamide 
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Appendix 4 

 

Table A4.1. Flat sheet membranes prepared at different coagulation temperature. 

Cellulose concentration 

(wt%) 

Dope solution 

temperature (°C) 

Dope solution 

viscosity (Pa s)  

Coagulation 

temperature (°C) 

5 35 15 25 

5 35 15 70 

8 50 23 25 

8 50 23 70 

10 67 24 25 

10 67 24 70 

12 82 28 25 

12 82 28 70 

 
 

Table A4.2. Hansen solubility parameters of cellulose, [EMIM][DEP], and water. 

Solubility parameters (MPa0.5) 

Material Polar (δp) Dispersive (δd) H-bonding (δH) Total (δT) 

Cellulose 19.4 12.7 31.3 38.9 

[EMIM][DEP] 13 20 15 28  

Water 16 15.5 42.3 47.8 
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Figure A4.1. Water permeance of cellulose flat-sheet membranes prepared from casting 

solutions with different polymer weight fractions in [EMIM][DEP] and coagulated at 25 and 70 

°C.  

 

 

 
 

(a)                                                                 (b) 
 

Figure A4.2. Cross-sectional cryo-SEM images of cellulose hollow fibers prepared from 12 wt% 

polymer solutions in [EMIM][DEP], coagulated in water at (a) 25 and (b) 70°C. 
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Figure A4.3. 1/Ce Vs 1/Qe for the different chemically modified cellulose hollow fibers. 
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Appendix 5 
 

Table A5.1: Types of dyes used and their properties. 

 
 
 

Chemical structure 
 
 
 

Molecular weight  
(g mol-1) 

 
 

Methyl orange 
 
 
 
 
 
 

 
 
 

327.17 
 
 
 
 
 
 

Orange G 
 
 
 
  

452.18 
 
 
 
 

 
 

Congo red 
 
 
 
 
 
 
  

696.65 
 
 
 
 
 
 
 

Rose bengal 
 
 
 
  

1019.43 
 
 
 
 

 

 

 

Table A5.2: Types of solvents used and their properties* 

 

Molecular 
formula 

 
 

Molecular 
weight 
(gmol-1) 

 

Vapor 
pressur

e 
(mmHg
@25◦C) 

Vapor 
density 
(kg/m3) 

 

Viscosity 
(mPa@20

◦C) 
 

Solubility 
(in water) 

 
 

Boiling 
point 
(◦C) 

 

Melting 
point (◦C) 

 

Specific 
gravity 

 
 



 
 

 

339 
Hexane C6H14 86.18 151 2.97 0.31 Immicible 62-69 -95 0.678 
Ethanol C2H5OH 46.04 59.3 1.59 1.2 Miscible 78 -114.1 0.79 

Methanol CH4O 32.04 128 1.11 0.55 Miscible 64.7 -98 0.791 
Isopropano

l C3H8O 60.09 33 2.1 2.27 Miscible 82 -88 0.785 
Acetone C3H6O 58.08 231 2 0.32 soluble 56.5 -94 0.788 

Ethyl 
acetate 

C4H8O2 
 

88.11 
 

73 
 

3.04 
 

0.44 
 

Slightly 
soluble 

77 
 

-83 
 

0.9 
 

Acetonitrile C2H3N 41.05 88.8 1.42 0.36 soluble 81.6 -45 0.781 

*According to MSDS from Fisher Scientific International, Inc. 
 

 
Figure A5.1. Contact angle measurement of (i) PAN porous support and (ii, iii, iv) polyamide-PAN 

membranes prepared with 0.05%, 0.1% and 0.15% TMC in decanoic acid as organic phase.  
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Figure A5.2. UV spectra of dye solutions in methanol, before and after filtration using a 

polyamide-PAN membrane (0.05% TMC): (a) methyl orange, (b) orange G, (c) congo red, and (d) 

rose bengal.  
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Figure A5.3. UV spectra of dye solutions in methanol, before and after filtration, using a 

polyamide-PAN membrane (0.1% TMC): (a) methyl orange, (b) orange G, (c) congo red, and (d) 

rose bengal.  
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Figure A5.4. UV spectra of dye solutions in methanol, before and after filtration, using a 

polyamide-PAN membrane (0.15% TMC): (a) methyl orange, (b) orange G, (c) congo red, and (d) 

rose bengal.  
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Figure A5.5. Zeta potential of (a) methyl orange (b) orange G (c) congo red (d) rose bengal 

measured in solution in methanol. 
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Figure A5.6. Long term filtration tests: (a) methanol permeance and congo red rejection; (b) 

water permeance, using a polyamide-PAN membrane (0.15% TMC). 

 

Table S5.3: Mean pore diameter of the polyamide-PAN membranes with different TMC 

concentrations. 

 

TMC concentration 

(%) 

 

Mean pore diameter (nm) 

 

0.05% 

 

0.74 

 

0.10% 

 

0.78 

 

0.15% 0.8 

 

 

 

Table A5.4: Effect of TMC concentrations to the membrane zeta potential. 

 

TMC concentration 

(%) 

 

Zeta potential 

(mV) 

 

0 -49.4 

0.05 3.58 

0.1 10.2 
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0.15 -2.87 

 

 

 

 

 

Table A5.5: Solvent stability test for a polyamide-PAN membrane (0.1% TMC) in various solvents 

for 7 days. 

 

  

100-Weight loss 

(%)* 

Hexane 99.8 

Ethanol 99.8 

Methanol 99.9 

Isopropanol 99.9 

Acetone 99.9 

 

*Weight loss (%) indicates the percentage of membrane weight loss after immersing into various 

solvent for 7 days. The smaller the weight loss, the better the membrane solvent resistance. 
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Appendix 6 

 

 

Figure A6.1. (a) FTIR spectra of the PAN support and thin-film composite membranes (on PAN 

support) prepared with 2 wt% MPD and 0.2 wt% TMC at 60oC during 1 and 10 min as reaction 

times; (b) XPS survey spectra of free-standing TFC membrane obtained using 2 wt% MPD/ 0.2 

wt% TMC, and 1 minute reaction time; (c, d) XPS O1s spectra for the free-standing polyamide 

layer obtained using 1 (c) and 10 minutes (d) reaction time and 2 wt% MPD/ 0.2 wt% TMC. 
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Figure A6.2. TEM cross-sectional image of ultrathin polyamide layer obtained with conditions 

reported in Table 1. 
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Figure A6.3. Morphology comparison, 180 minutes reaction time. 

 

 

Figure A6.4. SEM top surface of polyamide layer obtained with MPD 0.2 wt%, TMC 0.02%wt 1 

min reaction time in hexane. 
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Figure A6.5. (a) UV measurement when filtrating bromothymol blue in methanol and (b) long 

term permeance with direct red 80 in methanol. 

Table A7.1. Dyes structure and net total charge. 

Name 
MW 

(g/mol) 
structure 

Net 

charge 

Orange g 452.4 

 

-2 

Bromothymol 

blue 
624.4 

 

0 

Reactive blue 

19 
626.5 

 

-2 

Congo red 696.7 
 

-2 

Brillant blue r 825.9 

 

-2 

Direct red 80 1373 
 

-6 

Reactive green 

19 
1418.9 

 

-4 
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Appendix 7 
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Figure A7.1. FTIR spectra of PTA-IL, PTA-IL-BDG and PTA-IL-PEGDE membranes 
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Figure A7.2. TGA curves for the crosslinked polytriazole membranes. 

 


